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PREFACE 


This  book  is  a  collection  of  the  some  of  the  papers  presented  at  the  Third 
International  Symposium  on  Quantum  Confinement:  Physics  and  Applications, 
held  October  8-13  in  Chicago,  USA,  as  part  of  the  188th  Meeting  of  the  Elec¬ 
trochemical  Society.  The  symposium  was  sponsored  by  the  Dielectric  Science  and 
Technology,  the  Electronics,  and  the  Luminescence  and  Display  Materials  divisions 
of  the  Electrochemical  Society. 

The  symposium  was  organized  to  address  the  most  recent  advances  in  nanoscale 
and  quantum  confined  structures,  including  growth  and  characterization,  device 
modeling,  proposals  for  new  devices,  studies  of  electrical  and  optical  properties, 
etc.  Some  of  the  papers  also  addressed  issues  related  to  fundamental  aspects  of  su¬ 
perconductivity.  This  Proceedings  Volume  includes  35  of  the  44  papers  presented 
at  the  meeting. 

The  symposium  was  organized  into  eight  sessions  of  oral  presentations  that 
spanned  three  days.  Invited  papers  are  indicated  by  an  cisterisk  in  the  Table  of 
Contents.  In  addition  to  the  oral  presentations,  a  pannel  discussion  was  organized 
in  the  evening  of  the  second  day  of  the  meeting.  The  panel  session  was  organized 
to  address  the  outstanding  issues  in  the  field  of  high-Tc  superconductivity. 

The  editors  thank  all  the  speakers  and  session  chairpersons  for  their  contribu¬ 
tions  to  the  success  of  the  symposium.  We  also  thank  the  Electrochemical  Society 
staff  for  their  constant  support  and  for  their  help  in  preparing  the  volume  for 
publication. 

Finally,  we  would  like  to  conclude  by  expressing  our  appreciation  for  the  fi¬ 
nancial  support  provided  by  the  Army  Research  Office,  the  National  Science  Foun¬ 
dation,  and  the  Electro-Chemical  Society. 


M.  Cahay 
S.  Bandyopadhyay 
J.  P.  Leburton 
M.  Razeghi 
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C.  M.  Sotomayor  Torres 
Nanoelectronics  Research  Centre 
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ABSTRACT 

Magneto  resistance  and  Hall  resistance  were  measured  in  self-organised  three- 
dimensional  lattices  of  quantum  dots.  The  density  of  the  dots  was  around  lOl'^cm'^  and 
they  were  prepared  within  the  pores  of  artificial  opal  by  impregnating  opal  with  molten 
InSb  and  Te.  Aharanov-Bohm  oscillations  with  periodicity  corresponding  to  the  smallest 
loops  in  the  lattice  were  observed  for  both  materials,  thus  confirming  the  regularity  of  the 
lattice.  The  current  circulating  around  these  loops  is  also  thought  to  be  responsible  for  the 
negative  magneto  resistance  observed  in  the  low-field  region.  Depending  on  the  strength  of 
the  interdot  coupling,  the  Hall  effect  in  the  lattice  undergoes  saturation,  which  is  enhanced 
with  decreasing  temperature  due  to  the  lack  of  carriers  participating  in  the  effect.  An  order- 
disorder  transition  was  found  to  occur  in  the  lattice  of  InSb  quantum  dots  containing  few 
electrons  ascribed  to  the  Coulomb  blockade. 

INTRODUCTION 

Composite  materials  are  widely  used  for  fabrication  of  three-dimensional  (3D) 
arrays  of  nanostructures.  To  approach  a  regular  array  it  is  necessary  to  have  a  method  to 
control  the  formation  of  nanostructures.  Starting  with  an  ordered  matrix,  the  arrangement 
in  space  of  quantum  dots  should  follow  that  of  the  matrix  during  the  in-situ  growth  of  the 
quantum  dots  in  the  voids  of  the  matrix.  One  pioneering  method  of  this  type  is  to  use 
zeolite-type  materials  containing  free  nanometer-size  voids  as  part  of  their  crystalline 
structure  (1).  Usually  zeolite-type  materials  are  wide  gap  dielectrics,  the  porous  framework 
of  which  can  be  infilled  with  a  guest  material  of  another  type,  e.g.,  a  semiconductor. 
Depending  on  the  void  geometry  nanostructures  of  different  type  (quantum  wires  or  dots) 
can  be  designed  within  the  host  ordered  matrix.  Moreover,  the  host  matrix  determines  the 
space  symmetry  of  the  lattice  of  guest  nanostructures.  This  method  is  known  as  one  of  the 
self-organising  strategies. 

Among  the  variety  of  the  porous  matrices  precious  opal  provides  a  matrix  able  to 
host  nanoparticles  of  around  100  nm  in  size  (2).  This  size  is  very  attractive  since  such 
particles  are  large  enough  to  neglect  the  particle-to-malrix  interaction  and  small  enough  to 
demonstrate  size-dependent  quantisation  of  their  energy  structure.  An  early  study  of 
semiconductor-opal  composites  revealed  the  correlation  tetween  the  geometrical  structure 
and  transport  properties  (3),  describing  the  lattice  of  semiconductor  grains  in  opal  as  array 
of  quantum  dots  (QD)  coupled  via  quantum  point  contacts  (QPC).  Correspondingly,  three 
regimes  of  conductivity  as  a  function  of  temperature  or  applied  voltage  were  found 
pointing  to  the  decisive  role  of:  (i)  QPCs  -  interdot  tunnelling  combined  with  thermal 
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activation,  (ii)  QDs  -  Coulomb  blockade  and,  (iii)  residual  disorder  of  the  lattice  - 
manifested  in  percolation  conductivity  (4). 

This  paper  reports  on  magneto  transport  properties  in  these  QD  lattices.  Arrays  of 
QD  were  prep£ed  in  opal  containing  InSb  and  Te,  to  obtain  a  comparative  picture  of  toe 
conductivity  in  these  nanostructures.  They  will  be  referred  to  as  0-toSb  and  O-^ 
respectively!^  With  nearly  the  same  geometrical  structure  0-InSb  and  0-Te 
an^effective  mass  of  their  main  charge  earners  as  well  as  in  the  sign  of  the  magneto 

resistance. 

MATERIAL  PREPARATION 

Precious  opal  is  the  ensemble  of  identical  silica  balls  closely  packed  in  the  space 
lattice  with  the  fee  symmetry  (5).  The  diameter  of  balls  D  in  the  opals  used  for  composite 
preparation  was  250  nm  (for  impregnation  with  InSb)  and  200  nm  (for  Te)  with  a  size 
Wtuation  of  less  than  5%  within  one  sample.  Balls  m  the  opal  stt^ure  ^e  ^ued  together 
with  additional  amorphous  silica  for  improved  structural  strength.  Typically,  the  size  of  toe 
artificially  grown  samples  is  in  toe  centimetre  range,  although  they 
nature  with  crystallites  of  hundreds  micrometers.  Between  adjacent  balls  there  ^e  ne^ly 
spherical  voids  of  two  different  sizes;  (i)  large  voids  l^^een  8  balls  the  size 

of  which  is  characterised  by  an  inscribed  sphere  of  diameter  di-0.41D  and  (ii)  small 
voids  between  4  adjacent  balls  with  diameter  d2=0.23D.  Thus,  the  large  voids  are 
octahedrally  co-ordinated  with  8  smaller  ones,  which  in  turn  co^ected  with  4  large  voicR 
Windows  4tween  voids  have  a  diameter  of  d3=0.15D.  but  m  the  real  s^cture  these 
windows  are  squeezed  due  to  the  excess  amount  of  amorphous  silica  distorting  the 
spherical  shape  of  the  opal  balls  (6).  This  effect  is  stronger  for  0*I^Sb  since  its  opal 
matrix  was  additionally  overgrown  with  amorphous  silica.  Consequently,  the 
semiconductor  structure  consists  of  small  quantum  dots  jomed  up  by 
constrictions  which  are  degenerate  in  one-dimensional  ch^nels  formed  between  lar^r 
quantum  dots,  as  has  been  observed  directly  by  scannmg  electron  microscopy  of  O-Inbb 

(4). 

In  order  to  transfer  toe  regularity  of  the  opal  matrix  to  toe  serniconductor  network 
of  quantum  dots,  it  is  necessary  to  fill  almost  completely  the  internal  volume  of  tbe  host 
matrix  with  the  guest  semiconductor.  In  the  present  work  this  was  achieved  by 
impregnation  of  the  opal  with  molten  semiconductor  under  high  hydrostatic  pressure  ^d 
temperature.  InSb  and  Te  were  used  since  they  are  semiconductors  with  low  meltmg  pomt 
The  semiconductor  material  was  poured  in  a  steel  ampoule  containing  the  piece  or 
dehydrated  opal.  Then  this  ampoule  was  hermetically  closed  and  placed  m  a  high-pressure 
cell.  The  sample  was  subjected  to  a  pressure  of  5  kbars  and  600  for  5  minutes.  Then  it 
was  cooled  down  while  keeping  the  same  pressure.  As  a  result  semiconductor  is 
encapsulated  in  the  opal  voids  forming  a  lattice  of  nanometer-size  grains  (dots)  multiply 
coupled  with  each  other  via  bottleneck- like  constrictions  (6).  The  concentration  of 
semiconductor  grains  is  roughly  lOl^  cm'^  for  a  given  D.  These  samples  ^e  rather  stable 
under  normal  atmospheric  conditions,  since  toe  tightly  loaded  semiconductor  prevents  the 
penetration  of  gases  into  the  volume  of  the  material. 

MEASUREMENT  TECHNIQUES 

The  opal  impregnated  with  the  semiconductor  was  shaped  and  polished  to  obtain  a 
bar  with  typical  dimensions  3  x  3  x  0.5  mm^.  Six  contact  pads  in  the  Hall  bar 
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configuration  were  defined  by  lithographically  and  deposited  by  evaporation  of  Au-Ni-Ge 
films  on  one  side  of  the  sample.  The  spacing  between  the  voltage  contacts  was  about  0.3 
mm.  These  contacts  were  subjected  to  thermal  cycling  tests  with  no  detectable  changes  in 
the  sample  resistance.  The  magneto  resistance  Rxx  aiid  the  Hall  resistance  Rxy  were 
measured  from  250  to  1.7  K  in  a  superconducting  magnet  using  alternative  current  bias 
and  magnetic  fields  up  to  5  T.  The  signal  was  detected  using  lock-in  techniques.  The  data 
obtained  in  the  range  from  4.2  to  0.4  K  were  collected  under  dc  current  bias  in  a  He^ 
cryostat  with  a  IT  magnet. 


RESULTS  AND  DISCUSSION 

The  magneto  resistance  of  0-InSb  QD  lattice  depends  upon  temperature  as  shown 
in  Fig.l.  Rxx  and  Rxy  were  extracted  as  symmetric  and  antisymmetric  parts  from  the  data 
collected  using  voltage  and  Hall  contacts,  respectively.  At  high  temperature  the  resistance 
of  the  lattice  is  almost  independent  of  the  applied  magnetic  field  and  a  positive  magneto 

resistance  (PMR)  Ar/r  of  about  1%  was  observed  in  the  whole  range  up  to  5T.  With 
decreasing  temperature  the  PMR  slightly  increases  and  below  6  K  it  grows  rapidly  to  13% 
at  1.7  K.  In  addition,  a  negative  magneto  resistance  (NMR)  emerges  in  the  low  field 
region.  Two  features  are  distinguishable  at  low  temperatures:  (i)  short-range  oscillations  of 

Rxx  with  magnetic  field  with  period  AB=0.18  T  (Fig.2a)  and,  (ii)  long-range  oscillations 
with  period  AB=1.6  T  (Fig.2b).  Moreover,  Hall  resistance  curves  are  also  different  in  low 
and  high  temperature  regimes  (Fig.lb).  Above  60  K  one  can  see  a  linear  dependence  of  the 
antysymmetric  component  of  F^y  upon  B  corresponding  to  a  concentration  of  the  electrons 
of  10l5  cm‘3  and  below  60K  the  saturation  of  this  curve  starts.  The  onset  of  the  Hall 
resistance  saturation  shifts  towards  lower  fields  as  the  temperature  decreases. 

The  lattice  of  0-Te  QDs  exhibits  a  magneto  resistance  which  is  quite  different  from 
that  of  the  0-InSb  QD  lattice  since:  (i)  the  NMR  is  observed  over  the  whole  field  range 
(Fig.  3a)  and,  (ii)  the  amplitude  of  the  NMR  increases  slightly  with  decreasing  temperature. 
In  addition,  weak  but  discernible  oscillations  are  superimposed  on  the  monotonous 
background.  As  for  0-InSb  two  periods  of  oscillations  were  found:  the  first  derivative  of 

Rxx  reveals  the  oscillations  with  short-range  period  of  AB=0.28  T  and  differential  curve  in 
Fig.4a  demonstrates  the  long-range  oscillations  with  AB=0.75  T.  In  contrast  to  the  case 
obtained  in  0-InSb,  Rxy  in  0-Te  has  a  small  symmetric  component  which  does  not  depend 
upon  temperature  and  which  corresponds  to  the  hole  concentration  p=10l^  cm‘3  (Fig.3b). 

It  is  has  been  shown  before,  analysis  of  the  potential  profile  is  an  adequate 
technique  to  reveal  transport  properties  of  opal-based  materials  (2,4).  Since  the  energy 
level  of  the  ground  state  depends  on  the  size  of  the  grain  and  the  effective  mass  of  the 
carrier  it  is  expected  that  different  parts  of  the  opal  voids  -  grain  (QD)  and  constriction 
(QPC)  -  will  have  different  energy  levels.  Using  a  simple  quantum  box  approximation,  the 
shift  of  the  ground  level  of  a  30  nm  diameter  InSb  QPC  is  estimated  to  be  120  meV  and 
that  of  a  120  nm  QD  as  7.5meV.  Thus,  we  may  visualise  the  0-semiconductor  structure  as 
a  system  where  constrictions  form  potential  barriers  between  adjacent  quantum  dots. 

Comparison  of  0-InSb  and  Q-Te 

Comparing  0-InSb  and  0-Te,  the  barrier  height  is  expected  to  be  approximately  10 
times  higher  in  0-InSb  than  in  0-Te  due  to  the  factor  of  10  difference  in  effective  masses 
of  InSb  and  Te,  0.014  mo  and  0.1-0.2  mo,  respectively.  This  would  result  in  an  energy 


Electrochemical  Society  Proceedings  95-17 


5 


difference  between  the  ground  states  of  QPC  with  those  of  QD  ^ing  much  higher  in  O- 
InSb  than  in  0-Te.  In  this  case  the  potential  relief  felt  by  the  earners  should  lead  group 
carriers  in  the  dots  forming  pools  of  electrons  in  0-InSb  (holes  mO-Te)  separated  by 
energy  barriers.  This  arrangement  is  probably  helped  by  the  difference  in  dielectric 
pemiittivities  between  the  SiOa  matrix  and  semiconductor  dots.  The  opposite  trend  would 
be  the  overlapping  of  states  from  neighbouring  dots. 

nnt-fo-Dot  rpupling.  The  Strength  of  interdot  coupling  depends  on  the  barrier  height,  the 
Fermi  wavelength  Xp  and  the  lattice  parameter.  Taking  into  account  the  carrier 
concentration  estimated  in  these  samples,  we  expect  the  interdot  couplmg  to  be  stronger  m 
0-InSb  than  in  0-Te,  since  the  barrier  height  is  larger  and  Xp  is  about  100  nm  longer  than 
the  dot  spacing  in  0-InSb.  In  contrast,  the  0-Te  QD  lattice  has  a  shallower  potential  relief 
with  lower  energy  barrier  and  dots  are  overfilled  with  holes.  The  resultmg  conductivity  in 
the  high  temperature  regime  is  tunnelling  of  electrons  combined  with  themal  artivation  o 
carriers  from  the  ground  level  in  the  case  of  0-InSb,  corisidered  in  detail  ^ 

classical  diffusion  of  carriers  in  the  case  of  0-Te.  As  a  result,  the  resistivity  of  O-InSb  is 
about  100  times  higher  than  in  0-Te,  and  the  dependence  of  the  conductivity  on 
temperature  is  stronger  in  0-InSb  than  in  0-Te  We  prop^  that  ” 
regime  the  magneto  resistance  of  0-InSb  is  weak  because  the  magnehc  field  cannot  distort 
drlmatically  the  main  part  of  the  charge  density  distribution  and 

where  wavefunctions  overlap,  i.e.,  the  extended  states  of  adjacent  dots.  The  NMK 
observed  in  0-Te  is  typical  of  bulk  Te  and  originates  from  the 
phenomenon.  In  addition,  the  Hall  resistance  is  a  Imear  function  of  the  field,  thus  gelding 
a  reasonable  value  of  the  carrier  concentration.  However,  the  hole  mobility  m  D-ie  is 
lower  than  in  the  bulk  because  the  artificial  potential  relief  acts  as  a  scattenng  cen^e 
arrangement.  The  geometrical  structure  of  the  3D  QD  lattice  allows  intermixmg  of  the 
longihidinal  and  transverse  components  of  magneto  resistance  due  to  zigzag  current  patl« 
through  the  lattice,  therefore  no  single  conductivity  path  across  the  sample  along  the 
current  direction  exists  and  as  a  result  Rxy  Rxx  likely  to  be  mixed. 

Coulomb  Blnrkflde  regime.  The  electron-electron  repulsion  is  expected  to  be  much 
stronger  in  0-InSb  than  in  0-Te  dots  since,  based  on  the  carrier  concentration  estimates 
and  the  number  of  dots  in  the  sample,  we  estimate  that  on  average  there  are  neany  lU 
electrons  in  each  InSb  QD  and  abom  100  electrons  in  each  Te  QD.  %e 
free  electrons  in  each  InSb  dot  favours  conditions  for  Coulomb  blockade  m  0-Inbb  1  he 
charging  energy  for  a  120  nm  QD  is  approximately  4  mey,  therefore  ^low  50  K  the 
homogeneous  current  distribution  in  the  dot  lattice  will  be  disturbed  by  the  emergence  o 
insurmountable  Coulomb  barriers.  Such  barriers  vanish  only  at  resonance  conditioris 
resulting  in  conductance  peaks  at  characteristic  voltages.  Resources  occur  when 
matching  of  energy  levels  from  adjacent  dots.  To  understand  the  charge  ^ 

lattice  one  should  take  into  account  the  random  distribution  of  electrons  over  the  QDs  in  the 
array.  The,  there  is  no  reason  to  expect  conductivity  peaks  for  the  lattice  as  a  whole,  since 
a  number  of  low  resistance  paths  through  the  lattice  are  available  at  any  applied  voltage. 
This  means  that  the  geometrically  ordered  lattice  with  a  low  electron  population  becomes 
disordered  with  respect  to  carriers  and  the  current  distribution  at  low  temperatures.  Under 
the  Coulomb  blockade  the  magneto  resistance  does  not  ch^ge  significantly  except  tor  a 
slight  increase  of  its  relative  magnitude,  whereas  the  Hall  resistance  saturates. 

Saturation  of  the  Hall  voltage.  The  saturation  of  the  Hall  resistance  can  be  explained  as 
follows;  In  the  presence  of  a  magnetic  field,  electrons  flow  under  the  Lorentz  force  though 
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high  conductance  paths  to  the  side  of  the  sample.  Each  transition  of  a  given  electron  from 
one  dot  to  another  results  in  a  redistribution  of  charge  among  dots  thereby  opening  and 
closing  complementary  paths  around  this  electron.  This  charge  rearrangement  is 
characterised  by  the  irreversibility  of  the  carrier  movement.  If  all  electrons,  which  are 
allowed  to  drain,  approach  the  same  side  of  the  sample,  a  saturation  of  the  Hall  voltage  will 
occur.  With  decreasing  temperature,  the  number  of  available  low  conductance  paths 
diminishes  due  to  the  smaller  thermal  broadening  of  conductance  peaks  for  each  particular 
pair  of  dots.  Thus,  the  accessible  electron  reservoir  becomes  smaller  resulting  in  a  shift  of 
the  saturation  onset  towards  the  lower  magnetic  field.  The  diffusive  redistribution  of 
electrons  over  the  lattice  is  prohibited  by  Coulomb  barriers  and  a  non-  equilibrium  state  is 
formed.  Increasing  the  magnetic  field  changes  the  relative  position  of  energy  levels  in  the 
QD  and  can  open  a  connection  to  another  electron  reservoir.  If  the  path  to  a  more  populated 
electron  reservoir  becomes  open,  the  Hall  voltage  will  drop  correspondingly  by  the 
difference  in  electron  concentration,  leading  to  deviations  from  the  saturated  value.  Due  to 
the  intermixing  of  the  transverse  and  longitudinal  resistance  the  same  features  are 
superimposed  onto  the  monotonous  trace  of  the  magneto  resistance  in  Fig. la.. 

Impact  of  non-uniformitv  of  ODs.  In  the  low  temperature  regime,  the  conductivity  in  the 
QD  lattice  is  additionally  restricted  by  the  effect  of  non-uniformity  of  dots  in  the  lattice 
which  results  in  different  energy  levels  from  dot  to  dot,  thus  diminishing  the  probability  of 
occurrence  of  high  conductance  paths.  Consequently,  in  this  temperature  range  a  faster 
increase  of  resistance  is  observed,  with  a  corresponding  non-linear  I-V  characteristic  (4). 
In  this  regime,  the  enhancement  of  Rxy  saturation  is  also  observed  and  the  high  field 
features  become  more  pronounced  due  to  the  lack  of  free  electrons  in  reservoirs 
participating  in  the  Hall  voltage.  Therefore,  we  suggest  that  the  high-field  features  of  Rxy 
are  due  to  field-induced  switching  of  the  isolated  electron  reservoirs. 

Aharanov-Bohm  oscillations.  A  common  feature  of  0-Te  and  0-InSb  3D  quantum  dot 
arrays  is  the  magneto  resistance  oscillations  at  low  temperatiires.  In  both  cases  they  are 
interpreted  as  Aharanov-Bohm  oscillations  with  a  periodicity  corresponding  to  the 
quantization  of  the  magnetic  flux  (7).  The  short-range  oscillations  in  0-InSb  strictly 
correspond  to  the  smallest  loop  in  [100]-  type  planes  of  the  QD  lattice  having  a  diameter 
near  170  nm  (see  Figurel  in  (4)).  The  long-range  oscillations  could  be  explained  by  a  loop 
of  60nm  in  diameter.  The  smallest  loop  in  the  [110]  set  of  planes  has  approximately  80  nm 
diameter  is  a  good  candidate  (see  fig.  2  in  (6))  if  account  is  taken  of  the  non-zero  thickness 
of  its  frame.  In  0-Te  the  short-range  oscillations  correspond  to  loops  of  about  140  nm 
diameter.  This  loop  is  of  the  same  configuration  as  for  0-InSb  but  smaller  in  proportion  to 
the  ratio  of  diameters  of  silica  balls  forming  the  matrix  for  both  materials:  250  nm  in  O- 
InSb  and  200  nm  in  0-Te.  As  for  the  long-range  oscillations,  the  magnetic  flux  is  enclosed 
in  the  wider  loop  of  80  nm  diameter  with  the  same  assignment  as  for  0-InSb.  The 
magnitude  of  oscillations  depends  on  the  lattice  ordering,  i.e.,  on  the  co-addition  of  the 
effect  from  individual  loops.  In  these  partly  inhomogeneous  QD  lattices,  the  existence  of 
loops  with  different  orientations  and  possible  polycrystalline  structure  of  the  sample  are 
expected  to  diminish  the  magnitude  of  the  Aharanov-Bohm  oscillations.  The  magneto 
resistance  oscillations  in  3D  QD  lattices  are  accompanied  with  the  NMR  nearby  zero  field 
(Figs,  la  and  3a).  It  is  worth  noting  that  the  NMR  has  a  similar  characteristic  field  as  the 
short-range  oscillations,  suggesting  that  its  characteristic  length  is  of  the  same  order  as  the 
loop  perimeter.  This  phenomenon  appears  in  both  0-InSb  and  0-Te.  The  destruction  of  the 
phase  coherence  for  carriers  circulating  around  the  lattice  loops  with  increasing  magnetic 
field  is  typical  for  weak  localisation.  It  results  in  the  peak  of  NMR  in  the  Rxx  curve  of  O- 
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InSb  (Fig.2a)  and  the  non-monotonous  behaviour  (additional  peak  of  NMR)  for  0-Te  near 
zero  field  (Fig.Sa). 

CONCLUSIONS 

Two  regimes  of  magneto  transport  were  distinguished  in  the  3D  J^^ttice  of  QDs 
embedded  in  precious  opal  depending  on  the  interdot  couplmg.  In  the  case  of  strong 
coupling  (0-T&  Rxx  and  Rxy  are  nearly  the  same  as  for  bulk  semiconductor.  In  the  ca^ 
of  weakly  coupled  dots  (0-InSb)  the  appearance  of  magneto  transport  depends  on  the 
regime  o^ conductivity.  For  a  homogeneous  lattice,  Rxx  is  expected  to  depend  we^y  on 
the  applied  magnetic  field  due  to  the  shrinkage  of  overlapping  wave  functions  of  states 
from  neighbounng  dots  and  Rxy  is  expected  to  exhibit  no  peculianties.  ^mce  the  lattices 
studied  here  are  partly  inhomogeneous,  Coulomb  blockade  effects  are  observ^,  the  Ha 
voltage  is  seen  to  saturate,  but  no  qualitative  change  of  the  magneto  resistance  ^curs.  Rw 
is  seen  to  be  sensitive  to  changes  of  the  potential  relief  as,  for  example.  ^jSe 

field  alters  the  electronic  reservoirs  participatmg  m  the  Hall  voltage.  A  common  feat^ 
found  for  both  lattices  is  the  Aharonov-Bohm  osciUatioi^  with  the  pen^  ^ 
the  smallest  loop  in  the  lattice.  The  existence  of  this  effect  confirms  the  geometn^l  3D 
ordering  of  the  quantum  dot  lattice  in  opal  matrices.  'Hie  most  imjiortant 
ordering  of  the  QD  lattice:  lattices  with  dots  containing  few  electrons  (0-InSb)  show  a 
order-dfsorder  transition  when  the  temperature  decreases  due  to  ? 

repulsion  (Coulomb  blockade),  whereas  in  lattice  where  the  QD  have  more  earners  (0-Te) 
the  physical  ordering  of  the  charge  is  more  stable. 
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Abstract 

3D  arrays  of  quantum  wires  were  prepared  by  InP  MOCVD  in  channels  of  dielectric 
hosts;  chrysotile  asbestos  (channel  diameter  8  nm),  MCM-41  (3  nm)  and  ALPO-5  (0.7 
nm).  The  decrease  of  the  Raman  phonon  frequencies,  blue  shift  of  absorption  band-edges 
and  photoluminescence  bands  with  respect  to  bulk  InP  demonstrate  quantum  confinement 
for  all  composites.  Competition  between  energy  relaxation  at  the  wire-host  interface  and 
in  the  wires  themselves,  result  in  different  photoluminescent  properties. 


1  Introduction 

Higher  packing  density  of  quantum  nanostructures  has  pushed  the  search  for  novel 
materials  to  3-dimensional  arrays  of  quantum  wires.  Assembling  nanostructures  in  an 
ordered  array  increases  the  strength  of  optical  signals  while  maintaining  control  of  their 
size.  There  are  several  approaches  to  achieve  quantum  confinement  of  electrons.  The 
traditional  approach  has  been  to  use  lithography  and  etching  in  combination  with  either 
bulk  material  or  electrically  defined  2  dimensional  electron  gases  to  remove  material  and 
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so  leave  behind  structures  such  as  wires  or  dots  [1].  This  maybe  viewed  as  a  physical 
approach.  Recently,  this  approach  was  improved  to  design  large  arrays  of  nanostructures 
without  lithography  by  using  crystalline  substrates  with  high  index  planes  [2],  The  last 
method  is  called  a  self-organising  strategy.  Alternative  chemical  approaches  include 
metal  organics  which  form  ligands  to  define  dots  and  wires  [3].  Porous  crystalline 
structures  may  be  employed  as  templates  (or  matrices)  as  an  alternative  to  the  commonly 
used  nanolithographic  fabrication  of  nanostructures.  In  this  physical  chemical  approach  a 
template  provides  a  predefined  surface  on  to  which  is  grown  a  semiconductor.  This  kind 
of  self  organising  strategy  was  proposed  long  ago  [4]  for  elemental  semiconductors  and 
then  extended  towards  compound  semiconductors  [5,6].  However,  in  cavity  growth 
processes  have  usually  been  restricted  to  the  zeolite  matrix.  This  strongly  limits  the 
ability  to  vary  the  size  parameters  of  the  nanostructures. 

Crystalline  matrices  whose  empty  voids  are  in  the  form  of  parallel  channels  may  be 
infilled  by  guest  semiconductor.  The  object  is  to  produce  structures  with  reduced 
dimensionality  in  that  the  electron  waves  propagate  only  in  the  dimension  available. 
Some  degree  of  coupling  between  molecules  is  desirable,  as  the  zero  dimensional  case  of 
isolated  molecules  or  indeed  purely  one-dimensional  (1-D)  case  offers  almost  no 
advantage  over  its  gaseous  counterpart.  Two  ways  to  approach  quasi- 1-D  systems  may 
be  used;  coupling  between  1-D  wires  in  an  array,  or  coupling  within  wires  of  thickness 
greater  than  one  molecule  cross-section. 


Three  classes  of  host  matrices  were  used  in  this  study  each  with  wire  like  channels 
which  allows  us  to  vary  both  the  channel  size  and  the  channel  spacing  over  a  wide  range 
not  possible  with  one  matrix  alone.  All  host  matrices  are  filled  with  the  same  guest 
semiconductor,  InP  using  the  same  process.  This  enables  us  to  distinguish  between  three 
types  of  different  interactions  existing  in  quantum  wires  confined  in  the  matrix:  (a)  within 
the  nanosize-wire,  (b)  between  wires,  and  (c)  between  the  wires  and  the  dielectric  matrix. 
The  balance  of  these  interactions  defines  the  appearance  of  some  optical  properties,  such 
as  photoluminescence,  since  the  shape  of  the  potential  along  which  energy  relaxation 
occurs  is  determined  by  these  interactions. 
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2  Host  Material 


2.1  Chrysotile  Asbestos  (CA)  is  a  type  of  naturally  occurring  asbestos  which  consists  of 
long  thin  tubes  up  to  a  few  cm  long.  Each  tube  is  made  of  a  spiral  roll  (external  diameter 
of  20-50  nm)  of  double  Si02-Mg0  planes  with  an  empty  channel  of  2-15  nm  diameter 
inside.  Tubes  are  arranged  hexagonally  and  stuck  together  in  bundles  with  the  amorphous 
silica.  Asbestos  mined  from  different  sites  processes  different  channel  diameter  and 
spacing,  however  there  is  less  than  10%  variation  [7]  in  channel  diameter  within  a  bundle 
of  several  mm  diameter.  A  schematic  diagram  is  shown  in  figure  la.  Further  samples  of 
asbestos  were  given  a  chemical  treatment  before  infill  to  remove  the  MgO  component  of 
the  mineral.  This  leaves  a  pure  silica  framework  which  keeps  the  original  main  channels 
along  the  their  axis  but  has  nearly  100  times  more  surface  area  [8j.  This  can  be  explained 
by  assuming  the  removal  of  MgO  creates  additional  channels  in  each  tube  which  are 
smaller  in  diameter  than  the  inner  diameter  of  the  unetched  tubes.  These  etched  samples 
are  denoted  EA-InP  after  infilling  with  InP. 

2.2  MCM-41  is  synthesised  by  use  of  surfactant  micelles.  Each  surfactant  molecule  is 
made  up  of  a  long  hydrocarbon  chain  with  a  hydrophilic  and  hydrophobic  end,  in 
sufficient  concentration  the  heads  turn  in  and  form  micelles,  which  in  turn  stack  up  to 
form  micelia  rods  in  hexagonal  arrays  [9].  Silicate  added  into  solution  covers  the  rods. 
After  calcination  by  heating  the  material  in  air,  the  organic  component  is  removed  leaving 
a  regular  honeycomb  network  made  from  an  amorphous  silicate  skeleton.  The  typical  size 
of  MCM  particles  is  around  several  micrometers.  The  channels  with  diameter  typically  3 
nm  are  separated  by  the  silica  walls  of  0.4  nm  thickness.  The  great  advantage  of  MCM-41 
is  the  ability  to  vary  the  channel  diameter  by  changing  the  carbon  chain  length  of  the 
surfactant.  Three  different  materials  with  channels  of  2.8,  3.2  and  3.6  nm  diameters  were 
used.  A  schematic  diagram  of  MCM-41  is  shown  in  figure  lb. 


2.3  AlPO-5  is  a  zeolite  framework  formed  from  aluminium,  phosphorus  and  oxygen, 
with  crystallites  of  60-  80  ^im  long  [10].  This  matrix  has  a  relatively  short  channel 
diameter  and  spacing  of  0.73  and  1.0  nm  respectively.  A  schematic  diagram  showing  the 
cross  section  is  shown  in  figure  Ic. 
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3  Infill  Method 


An  MOCVD  reactor  is  used  in  a  two-step  growth  sequence  to  grow  InP  within  the  hosts 
using  the  reactants  trimethyl  indium  (TMIn)  and  phosphine.  Prior  to  growth  the  samples 
are  dehydrated  by  heating  overnight  in  flowing  nitrogen.  In  the  first  stage  of  growth, 
TMIn  in  a  carrier  gas  of  hydrogen  is  passed  over  the  samples  for  several  hours  at  52^0 . 
Secondly,  phosphine  is  passed  through  the  reactor  for  several  hours  at  350°C  which 
allows  decomposition  of  the  phosphine  at  the  absorbed  In  sites.  This  method  [11]  limits 
the  amount  of  semiconductor  growth  on  the  external  surfaces  of  the  matrix. 

To  confirm  the  presence  of  InP  inside  the  channels,  X  -ray  diffraction  (XRD)  was 
performed  on  empty  and  asbestos  with  low  InP  loading.  The  outer  surface  was  first 
etched  in  a  solution  of  1:4  H2SO4:  H2O2  to  remove  this  InP.  However  the  X-ray 
diffraction  patterns  showed  only  the  asbestos  without  evidence  of  InP.  Electron  micro 
probe  analysis  (EPMA)  reveals  only  0.25  and  0.3  atomic  %  of  In  and  P,  respectively. 
This  appears  too  low  to  provide  a  detectable  signal.  Samples  etched  to  remove  the  MgO 
component  produce  an  amorphous  diffraction  pattern.  After  infill  with  InP  into  the 
etched  matrix  a  typical  crystalline  InP  pattern  is  superimposed  on  the  amorphous  X-ray 
pattern.  Asymmetric  line  width  broadening  of  the  InP  lines  in  the  powdered  EA-InP 
samples  suggest  that  the  InP  lattice  is  distorted.  EPMA  shows  the  content  of  In  and  P  has 
increased  to  3.2  and  3.0  atomic  %  respectively.  The  colour  of  the  asbestos  changes  from 
white  (empty)  through  light  brown  (low  loading)  to  dark  brown  (EA-InP)  as  the  InP 
content  is  increased. 

MCM-InP  composites  demonstrate  both  superimposed  patterns  of  MCM  and  InP. 
A  similar  broadening  of  InP  peaks  was  observed.  Low  InP  loading  and  a  relatively 
complex  AlPO-5  XRD  pattern  combined  to  make  it  difficult  to  see  the  InP  XRD  pattern. 
However  the  XRD  confirmed  that  the  zeolite  framework  was  still  crystalline  after  InP 
inclusion. 

NMR  using  ^Ip  shows  the  presence  of  InP  for  all  three  matrices,  A1P05,  MCM 
and  CA. 

The  content  of  InP  in  the  matrices  is  relatively  low,  compared  with  the  free  volume  of 
pores  in  MCM  and  CA  matrices.  Considering  the  nature  of  the  deposition  process  we 
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expect,  that  InP  forms  a  thin  layer  coating  inner  surface  of  the  channels.  Thus  MCM-InP 
and  CA(EA)-InP  contains  arrays  of  parallel  InP  wires  in  the  form  of  thin-wail  cylinders. 


4  Optical  Techniques 

Photoluminescence  (PL)  and  Raman  spectra  where  excited  with  an  Ar+  laser  at  2.408  eV 
and  analysed  using  a  1-m  double  monochromater  and  a  cooled  photomultiplier  operating 
in  photon  counting  mode.  Orientated  bundles  of  asbestos  fibre,  pelletised  MCM  and 
ALPO  where  mounted  in  He  flow  cryostat  for  PL.  Raman  scattering  was  performed  at 
room  temperature  in  nearly  back  scattering  mode.  The  absorption  spectra  were  extracted 
from  diffuse  reflectance  spectra  obtained  from  powdered  samples  analysed  by  a  single 
monochromator  under  the  excitation  of  tungsten  lamp. 

5  Results  and  discussion 
5.1  Raman  Scattering 

Raman  Spectra  for  EA-InP,  MCM-InP  and  AlPO-InP  are  shown  in  figure  2  (the  signal 
was  too  weak  to  observe  for  unetched  CA-InP).  In  each  case  two  broad  lines  are  seen 
which  correlate  well  with  303.7  crn'l  and  345  crn'l  TO  and  LO  phonons  of  bulk  InP 
confirming  its  presence  in  the  samples  under  study.  The  positions  of  LO  and  TO  are  298 
and  334  cm"!  for  EA-InP,  303  and  336  crn'l  for  MCM-InP,  279  and  338  cm'^  for 
ALPO-InP.  The  high  degree  of  line  broadening  correlates  with  broadening  of  X-ray 
patterns  and  may  be  ascribed  to  randomisation  of  the  InP  lattice.  In  all  cases  there  is  a 
shift  to  lower  frequencies  of  around  10  cm'^  for  the  LO  phonon.  This  indicates  the 
identity  of  the  lattice  parameters  for  InP  grown  under  the  same  method  and  conditions. 

The  TO  phonon,  however,  is  very  sensitive  to  the  template  used.  The  TO  phonon  is 
unchanged  from  the  bulk  for  MCM-InP  but  is  again  shifted  to  lower  frequencies  for  the 
EA-InP  and  ALPO-InP.  A  possible  explanation  is  as  follows:  The  common  dimension  to 
all  samples  over  the  range  of  a  few  microns  is  the  channel.  As  the  InP  is  attached  to  the 
channel  matrix  the  chemical  bonding  within  InP  lattice  is  reduced  compared  to  bulk 
InP  due  to  the  potential  interaction  with  surrounding  field  of  the  template  and  thus  leads 
to  common  decrease  in  the  force  constants  and,  therefore,  frequency  of  phonons.  For  the 
MCM-InP  and  EA-InP  cases  where  there  is  little  shift  in  the  TO  phonon,  enough  lateral 
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InP  molecules  exist  to  make  them  behave  similar  to  the  bulk.  The  ALP05  however  has 
only  space  for  one  InP  molecule  before  it  reaches  the  matrix,  in  effect  the  lateral 
dimension  is  made  up  of  alternating  InP  and  matrix  thus  the  effect  of  reduced  force 
constants  compared  to  the  bulk  could  be  responsible  for  lowering  the  TO  phonon 
frequency.  The  fact  that  the  EA  is  shifted  more  than  MCM  may  reflect  that  the  additional 
channels  in  the  EA  make  the  channel  spacing  smaller. 

5.2  Absorption  Spectra 

The  absorption  spectra  near  the  band  edge  are  similar  for  each  of  the  original  three 
templates  (figure  3).  There  is  no  sharply  defined  absorption  edge  as  the  density  of  InP  is 
low.  This  similarity  reflects  the  uniformity  of  the  electronic  band  structure  of  the  InP 
grown  by  the  same  method.  The  absorption  is  first  determined  by  the  chemical  bonding 
between  In  and  P  atoms  and  then  by  the  density  of  states  combined  from  valence  and 
conduction  bands.  It  is  difficult  to  define  an  absorption  edge  with  these  relatively  low 
concentrations  of  InP.  In  the  special  case  of  EA-InP  with  100  times  the  surface  area  an 
absorption  edge  of  1.42  eV  was  using  Fochs’s  criterion  [12]  for  edge  position 
determination  of  the  fundamental  gap,  compared  to  the  bulk  value  of  1.35  eV.  It  is 
surprising  that  there  is  no  evidence  for  the  size  dependent  shift  of  the  band  edge  for 
templates  with  very  different  diameters.  Apparently,  randomisation  of  the  InP  lattice  in 
the  vicinity  of  template  surface  together  with  long  tails  of  the  defect  states  is  strong 
enough  to  dominate  in  the  absorption  in  the  edge  region.  The  difference  in  the  absorption 
coefficient  corresponds  to  the  difference  in  the  InP  content  in  each  matrix. 

5.3  Photoluminescence 

The  photoluminescence  spectra  for  the  three  hosts  are  quite  different  (figures  4,5 
and  6).  The  CA-InP  has  both  high  and  low  energy  bands  at  2.15  and  1.51  eV,  AlPO-InP 
has  a  large  high  energy  band  around  2  eV,  and  MCM-InP  has  a  low  energy  band  and  a 
mid  energy  peak  that  shifts  with  channel  width  at  1.4  and  1.6  eV  respectively. 
Assignment  of  the  CA-InP  emission  bands  were  made  in  [13],  It  was  shown,  that  the 
band  just  after  the  excitation  line  is  due  to  the  recombination  occurring  by  means  of 
transmission  of  the  excitation  from  semiconductor  component  to  the  defect  states  of  the 
asbestos  matrix.  In  the  absence  of  InP  the  PL  is  at  least  100  times  weaker.  We  argue  that 
this  process  has  a  common  character  for  all  structurally  confined  materials  grown  by  the 
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physical  chemical  method,  and  the  intensity  of  this  process  depends  on  the  strength  of  the 
interaction  of  the  deposited  species  with  supporting  surface  and  the  chemical  bonding 
within  these  species. 

The  process  of  the  wire  formation  inside  the  channel  starts  with  the  attachment  of  the 
metal-organic  molecule  on  the  sites  where  the  defects  of  the  matrix  wall  create  a 
singularity  of  the  electric  field  distribution  [10].  This  is  followed  by  transformation  to  the 
compound  semiconductor  species  with  suitable  chemical  treatment,  this  provides  the 
spatial  coordination  of  the  InP  species  and  defects.  The  absorption  spectrum  of  empty 
asbestos  [13]  beginning  at  2  eV  shows  very  weak  absorption  due  to  defect  states  in  the 
10  eV  asbestos  band  gap.  The  Fermi  level  of  the  matrix  should  be  determined  by  these 
defect  states.  We  assume  alignment  between  Fermi  levels  of  matrix  and  InP  near  the 
middle  of  the  host  energy  gap.  Thus,  if  the  states  of  guest  and  host  materials  are  tightly 
bound,  effective  energy  exchange  is  possible.  In  the  case  of  low  loading  the  molecule-to- 
matrix  interaction  is  higher  than  molecule-to-molecule  interaction,  thus  it  results  in 
preference  for  adsorbed  energy  (electron-hole  pairs  created  under  the  illumination)  to 
relax  via  defect  energy  states.  This  is  exactly  the  case  of  AlPO-InP  material.  The  diameter 
of  channels  in  this  matrix  is  too  low  to  allow  the  deposition  of  two  molecules  in  the  wire 
cross-section.  That  is  why  the  observed  PL  spectrum  demonstrates  only  the  band  at  the 
same  region  as  bare  AlPO.  In  the  case  of  CA-InP  material  by  increasing  the  loading  the 
molecules  covering  the  matrix  surface  interact  with  each  other  and  thus  form  a  layer  of 
semiconductor  on  which  to  form  the  next  layer  and  so  on.  In  this  case  the  balance 
between  wire-to-matrix  and  in-wire  interaction  moves  in  favour  of  the  latter.  Both  bands 
corresponding  to  the  relaxation  within  InP  and  via  asbestos  defects  are  clearly  seen.  With 
the  further  increase  of  InP  content  the  relaxation  within  semiconductor  dominates  and  the 
photoluminescence  spectra  show  only  the  band  in  the  range  of  InP  fundamental  gap[13] 
this  is  the  case  for  MCM  shown  in  figure  6. 

For  macroscopic  bundles  of  wires  as  in  the  case  of  asbestos  it  is  possible  to 
resolve  an  anisotropy  in  the  PL  by  means  of  a  linear  polariser  as  shown  in  figure  4. 
Anisotropy  in  the  absorption  spectra  has  been  reported  earlier  for  GaAs  wires  in  asbestos 
[14].  The  conditions  for  electronic  structure  formation  across  the  wire  direction  can 
result  in  a  specific  excitation  of  states  which  do  not  mix  with  those  along  the  wire  and 
results  in  the  single  peak  from  across  the  wires.  The  shift  of  this  peak  compared  with  PL 
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due  to  band  to  band  transitions  in  direction  along  the  wires  reflects  the  confinement  of 
electrons  in  the  cross-wire  direction. 

In  the  case  of  MCM  embedded  wires  we  believe,  that  3  nm  diameter  is  enough  to 
form  quasi-one-dimensional  wires  whose  in-wire  interaction  is  large  comparable  with  the 
wire-to-matrix  interaction.  However,  because  the  walls  separating  adjacent  wires  are  only 
0.8  nm  thick,  the  effect  of  the  interaction  between  adjacent  wires  should  be  included  in 
the  analysis.  This  interaction  is  strong  enough  to  affect  the  energy  structure  of  the  wire 
ensemble  and  thus  change  the  energy  relaxation  process.  As  discussed  in  the  asbestos 
based  wires,  there  should  be  the  different  energy  structure  along  and  across  the  wire 
direction.  However,  the  micro  size  of  the  MCM  particles  does  not  allow  the  PL  bands  in 
perpendicular  directions  to  be  resolved.  Thus  the  observed  spectra  are  the  superposition 
of  both  polarisations.  Based  on  the  CA-InP  spectra  we  assign  the  peak  from  the  high 
energy  side  of  the  PL  band  onset  to  the  PL  band  from  the  band  across  the  wire  direction. 
The  width  of  this  peak  corresponds  to  the  width  of  the  energy  band  and,  apparently,  to  the 
scattering  caused  by  the  variation  the  channel  diameter  from  one  particle  to  another. 
The  position  of  this  peak  depends  on  two  factors.  First  the  confinement  condition  across 
the  wire  -  this  factor  shifts  this  PL  band  to  the  blue  side.  The  second  is  the  interwire 
interaction  resulting  in  the  red  shift  of  the  peak.  In  figure  7  one  can  see  that  this  PL 
peak  is  shifted  with  a  small  change  of  wire  diameter  from  3.6  via  3.2  to  2,8  nm 
correspondingly  from  1.95  via  1.7  to  1.6  eV.  This  unusual  tendency  and  extremely  strong 
dependence  may  be  explained  by  a  dominating  superlattice  effect  over  the  electron 
confinement.  Decreasing  the  wire  diameter  allows  an  increase  in  the  filling  factor  of  the 
matrix,  as  there  are  more  wires  per  unit  surface  of  the  cross  section  in  the  direction  across 
the  wires.  The  model  assigning  this  band  to  the  PL  from  confined  electron  energy 
structure  is  particularly  suitable  as  this  band  is  most  sensitive  to  the  interaction  between 
wires  in  the  ensemble. 

6  Conclusions 

The  similarity  of  the  electronic  band  structure  near  the  fundamental  gap  of  the 
wire  ensemble  geometry  for  InP  MOCVD  grown  on  the  surface  of  channels  of  dielectric 
templates  was  demonstrated  by  comparison  of  the  absorption  spectra  for  three  different 
templates.  In  this  case  the  absorption  does  not  depend  on  the  confinement  condition  but 
rather  corre.snonds  to  the  case  of  incomolete  formation  of  the  InP  lattice,  resulting  in  the 
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reduced  density  of  states  near  the  gap  region  and  long  tails  of  the  defect  states.  The 
appearance  of  the  dynamic  response  of  these  arrays  to  the  incident  light  -  light  scattering 
(Raman  process)  and  light  emission  (photoluminescence)  -  is  much  more  influenced  by 
the  ensemble  geometry.  The  origin  of  this  dependence  is  the  relative  strength  of  three 
characteristic  energies,  in-wire  interaction  (coupling  of  InP  species  between  themselves), 
wire-to-matrix  interaction  ( coupling  of  InP  species  with  defects  on  the  template  surface) 
and  wire-to-wire  interaction  (overlapping  of  the  wire  wave  functions  from  adjacent 
channels).  The  equilibrium  point  of  these  couplings  may  be  easy  shifted  by  changing  the 
wires’  ensemble  and  interface  conditions,  this  will  allow  the  design  materials  with 
controllable  optical  properties  by  choosing  matrices  of  different  geometry  or  a  matrix 
surface  of  different  nature. 
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Figure  1  Schematic  representations  of  the  dielectric  matrices 
a)  Chrysotile  Asbestos  b)  MCM-41  c)  ALP05 
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,  arb.un. 


Raman  Shift,  cm-' 

Figure  2  Raman  spectra  of  InP  filled  dielectric  matrices 
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Figure  4  Comparison  of  PL  from  empty  and  InP  filled  CA 
alona  and  across  the  channels 
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PL  Intensity,  arb.un. 
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Fiaure  6  PL  of  MCM  empty  and  filled  with  InP 
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Figure  7  PL  of  InP  in  MCM:  effect  of  different  channel  diameter 
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Formation  of  Quantum  Wires  and  Islands  in  Si/pure-Ge/Si  Hetero¬ 
structure 
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Research  Center  for  Advanced  Science  and  Technology,  and  *Department  of 
Pure  and  Applied  Sciences,  The  University  of  Tokyo 
Komaba,  Meguro-ku,  Tokyo  153,  Japan 


Formation  of  quantum  wires  and  islands  was  successfully  observed  in  gas-source 
molecular-beam-epitaxy  grown  Si/pure-Ge/Si  heterostructures.  Emergence  of  a 
new  photoluminescence  peak  reflecting  island  formation  was  identified  when  the  Ge 
layer  thickness  exceeded  4  monolayers  (MLs),  while  PL  peaks  characteristic  of 
quantum  wires  were  seen  in  the  Ge  layer  with  the  thickness  less  than  1  ML.  Island 
and  wire  formation  was  confirmed  by  cross  sectional  as  well  as  plan  view  transmi¬ 
ssion  electron  microscope  measurements.  Optical  properties  characteristic  of  low 
dimensional  structures  different  from  quantum  wells  were  identified. 


1.  Introduction 

Quantum  structures,  not  only  quantum  wells  but  also  quantum  wires  and 
dots,  in  the  system  of  SiGe/Ge  are  now  attracting  much  attention.  This  is 
because  these  quantum  structures  can  modify  the  band  structures  and  therefore 
have  a  potential  to  realize  optoelectronic  devices  as  well  as  high  speed  electron¬ 
ic  devices  with  high  performances.  However,  comprehensive  studies  on  optical 
and  electrical  properties  of  these  structures  are  still  lacking.  In  this  paper,  a 
promising  technique  for  formation  of  quantum  structures  in  SiGe/Si  system, 
that  is,  gas  source  molecular  beam  epitaxy  (GSMBE)  where  hydrogenated  gases 
are  employed  as  molecular  sources,  is  introduced  and  characteristics  of  quan¬ 
tum  structures  made  by  this  method  are  discussed.  One  of  the  interesting 
features  of  Si/Ge  heterostructures  is  that  the  band  alignment  can  be  modified  by 
changing  the  strain  distribution  in  the  structure  and  type-1  and  2  alignments  are 
realized  depending  upon  which  substrates  are  employed.  However,  we  here 
concentrate  on  the  growth  of  strained  SiGe  and  Ge  layers  on  unstrained  Si  sub¬ 
strates.  One  of  the  important  issues  of  lattice  mismatched  systems  concerning 
crystal  growth  is  the  so-called  critical  thickness  of  coherent  epitaxy. 
Therefore,  we  investigate  first  what  happens  when  Ge  content  is  increased  in  a 
standard  Si/SiGe/Si  quantum  well  and  the  well  layer  thickness  exceeds  the  criti¬ 
cal  thickness.  As  an  extreme  case,  quantum  structures  with  pure  Ge  as  a  well 
layer  are  also  intensively  investigated  here.  And  interestingly  they  are  shown 
to  exhibit  unique  optical  properties  reflecting  the  modification  in  energy  band 
structures  due  to  low  dimensionality  of  the  structures. 

2.  Formation  of  quantum  wells  by  gas  source  MBE 

In  this  study,  a  gas  source  dedicated  MBE  machine,  the  details  of  which  was 
described  elsewhere  [1],  was  used  for  the  formation  of  SiGe/Si  quantum  struc- 
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tures  and  pure  Si2H6  and  GeH4  were  employed  as  gas  sources.  Figure  1  shows 
growth  temperature  dependence  of  photoluminescence  (PL)  spectra  as  well  as 
PL  intensity  [1].  It  is  seen  that  at  temperatures  higher  than  680  C,  the  PL 
intensity  is  not  significantly  dependent  on  the  temperature  while  it  exponentially 
decreases  with  decreasing  temperature  below  the  temperature.  This  behavior 
well  corresponds  to  the  temperature  dependence  of  the  growth  rate  and  it  is 
known  that  the  lower  temperature  region  is  called  a  reaction-limited  regime 
where  the  growth  is  governed  by  the  hydrogen  desorption  from  Si  surfaces 
while  the  higher  temperature  region  is  supply-limited. 

It  is  well  known  that  surface  segregation  of  Ge  atoms  is  the  main  cause  of 
the  interfacial  smearing  during  Si/SiGe  heterointerface  growth.  Luminescence 
from  quantum  wells  is  known  to  reflect  distortion  of  the  potential  shape  due  to 
the  surface  segregation  and  show  PL  peak  shifts  to  higher  energies  compared 
with  the  theoretical  calculation  based  upon  an  ideal  square  potential  [2].  QWs 
grown  by  the  GSMBE  were  found,  however,  to  show  no  energy  shift  and 
provide  precise  agreement  between  experiments  and  square-well  potential 
calculation  [2].  This  is  probably  due  to  the  surfactant  effect  of  a  large  amount 
of  atomic  hydrogen  [3]  which  is  constantly  supplied  to  the  growth  front  in  this 
method.  Recent  experiment  of  introduction  of  atomic  hydrogen  into  the  solid 
source  MBE  chamber  has  shown  that  the  surface  segregation  is  really  suppress¬ 
ed  [4]. 

3.  Ge  composition  dependence  of  luminescence 

Strain  accommodation  into  epitaxial  layers  increases  with  increasing  Ge 
content  and/or  layer  thickness.  Basically  the  strain  energy  is  released  by  intro¬ 
ducing  misfit  dislocations  which  deteriorate  optical  as  well  as  electrical  proper¬ 
ties  of  heterostructures.  However,  it  has  been  recognized  recently  that  another 
pathway  to  release  strain  without  introducing  misfit  dislocations  is  possible. 

Figure  2  shows  PL  spectra  of  QWs  with  different  Ge  composition  [5].  It  is 
seen  that  the  peak  positions  systematically  shift  to  lower  energies  with  increas¬ 
ing  Ge  content  without  loosing  luminescence  intensity  even  when  the  well 
thickness  exceeds  the  equilibrium  critical  thickness  (x  >  0.5).  Moreover,  no 
luminescence  characteristic  of  misfit  dislocations  is  observed,  indicating  high 
quality  of  these  samples.  The  inset  of  Fig.  3  is  temperature  dependence  of  PL 
intensity  and  it  gives  an  activation  energy  corresponding  to  the  valence  band 
discontinuity,  which  is  also  an  indication  of  high  quality  of  samples.  However, 
as  shown  in  Fig.  3,  the  peak  position  deviates  to  higher  energies  from  the  theo¬ 
retically  predicted  exciton  energy  (dotted  line)  when  the  Ge  content  exceeds 
0.4.  Along  with  this  deviation,  the  composition  dependence  of  the  PL  activa¬ 
tion  energy  shows  significant  drop  from  the  value  of  band  discontinuity  at  the 
valence  band  (closed  circles).  These  facts  suggest  that  significant  changes  occur 
in  properties  of  epitaxial  films  and  island  formation  at  Si/SiGe  interfaces  was 
found  to  set  in  at  this  Ge  composition  from  transmission  electron  microscope 
(TEM)  measurements  [5]. 
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Fig.2  PL  spectra  of  SiGe/Si  QWs  with  different 
Ge  composition. 


Fig.  1  Growth  temperature  dependence  of  PL 
spectra  and  integrated  intensity  (inset)  of  SiGe/Si 
(JWs  grown  by  GSMBE. 


Fig.3  Ge  composition  dependence  of  NP  peak 
energy  ^d  activation  energy.  Inset  is 
temperature  dependence  of  PL  intensity. 


Fig.4  PL  spectra  of  Si/pure-Ge/Si  QWs  with 
various  Ge  widths. 


Electrochemical  Society  Proceedings  95-17 


33 


4.  Si/pure-Ge/Si  quantum  wells 

In  the  case  of  pure  Ge  wells,  the  situation  is  more  drastic.  Figure  4  shows 
PL  spectra  of  Si/pure-Ge/Si  quantum  wells  [6].  Well  resolved  no-phonon  (NP) 
peak  and  its  TO  phonon  replica  are  observed  when  Ge  is  less  than  4  MLs.  PL 
peaks  shift  toward  lower  energies  with  increasing  Ge  width,  showing  quantum 
confinement  effect  of  Si/Ge/Si  quantum  wells  (QWs).  This  indicates  that  the 
two  dimensional  layer-by-layer  growth  takes  place  without  generation  of  misfit 
dislocations  till  4  MLs.  When  Ge  exceeds  4  MLs,  a  new  broad  peak  is  seen  to 
appear  in  the  lower  energy  region  along  with  NP  and  TO  edge  emissions. 
Emergence  of  this  broad  peak  was  found  to  well  correspond  to  the  formation  or 
islands  from  TEM  measurements  and  the  peak  was  unambiguously  assigned  to 
come  from  islands  with  the  size  where  quantum  confinement  is  possible.  The 
broad  peak  shows  energy  shift  in  the  early  stage  of  its  development,  probably 
showing  the  quantum  confinement  effect  in  islands.  The  peak  was  found  to  be 
stable  against  temperature  and  be  observed  even  at  room  temperature. 

It  is  noteworthy  that  the  NP  and  TO  peaks  of  QWs  show  the  blue  shift  to  the 
energy  corresponding  to  Ge  3  MLs  during  evolve  of  islands.  This  probably 
indicates  that  excess  Ge  atoms  more  than  3  MLs  are  consumed  to  form  islands, 
and  Ge  wet  layers  with  3  MLs  and  islands  coexist  in  this  system. 

QWs  with  Ge  thickness  even  less  than  1  ML  were  found  to  give  nse  to 
sufficient  intensity  of  luminescence  and  the  energy  monotonically  increased 
with  decreasing  Ge  thickness  in  the  almost  same  manner  as  QWs  with  thic^r 
widths  as  shown  in  Fig.  5  [7].  Plan  view  TEM  measurements  revealed  that  Ge 
wires  were  formed  in  this  region  as  seen  in  Fig.  6  and  PL  can  be  attnbuted  to 
emissions  from  Ge  quantum  wires  embedded  in  Si  crystals.  ,  u  f  rxwr 

Figure  7  shows  excitation  intensity  dependence  of  PL  spectra  both  ot  QWs 
and  wires  formed  here  [7].  Band  filling  effect  is  well  seen  in  the  case  of  QWs, 
that  is,  the  peak  position  shifts  to  higher  energies  with  increasing  excitation 
intensity  However,  there  are  no  shifts  in  the  case  of  wire  structures,  probably 
reflecting  the  high  density  of  states  of  the  quantum  wires.  Moreover,  in  wires 
formed  with  Ge  less  than  0.5  ML,  a  new  peak  is  observed  to  develop  on  the 
lower  energy  side  of  the  original  peak  as  the  excitation  intensity  is  increased  as 
seen  in  Fig.  7.  The  PL  intensity  increases  more  rapidly  than  that  of  the  onginal 
peak,  by  the  square  of  the  original  peak  intensity.  This  is  one  of  characteristic 
features  of  biexcitons  and  one  may  consider  that  high  density  of  excitons  cause 
formation  of  biexcitons  in  Ge  quantum  wires  since  the  life  time  of  excitons  in 
the  SiGe  systems  is  quite  long.  It  is  also  noted  that  although  the  peak  position 
of  wire  structures  shows  systematic  blue  shift  as  the  Ge  amount  is  decreased, 
the  energy  position  is  much  lower  than  the  results  based  upon  a  simple  effective 
mass  calculation.  This  probably  suggests  the  increase  in  the  exciton  binding 
energy  in  lower  dimensional  structures. 

5.  Conclusion 
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Quantum  wires  and  islands  as  well  as  quantum  wells  were  successfully 
formed  by  GS-MBE  in  Si/Ge  systems.  When  Ge  content  in  SiGe/Si  quantum 
wells  exceeded  the  amount  corresponding  to  the  critical  thickness,  characteristic 
changes  were  observed  in  PL  properties,  which  was  revealed  to  originate  from 
formation  of  SiGe  islands  with  high  optical  properties.  When  pure  Ge  layers 
were  employed  for  the  well,  PL  peaks  monotonically  shifted  toward  lower 
energies  with  increasing  Ge  width.  When  Ge  exceeded  4  MLs,  however,  a  new 
broad  peak  originating  from  Ge  islands  was  seen  to  appear.  QWs  with  Ge 
thickness  less  than  1  ML  were  found  to  give  rise  to  sufficient  intensity  of 
luminescence  and  the  energy  monotonically  increased  with  decreasing  Ge 
thickness  in  the  almost  same  manner  as  QWs  with  thicker  width.  Plan  view 
TEM  measurements  revealed  that  Ge  wires  were  formed  in  this  region. 
Characteristic  optical  features  of  the  structure,  different  from  those  of  quantum 
wells,  may  lead  to  a  conclusion  that  quantum  wires  and  islands  are  self- 
assembled  in  Si/pure-Ge/Si  heterostructures. 

This  work  was  supported  in  part  by  a  Grant-in- Aid  for  Scientific  Research 
on  Priority  Area,  "Quantum  Coherent  Electronics"  from  the  Ministry  of 
Education,  Science  and  Culture. 
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The  disk-shaped  nano-scale  InGaAs  dot  arrays  self-organized  on  GaAs 
(311)B  substrate  in  the  growth  of  strained  InGaAs  film  by  MOVPEwere 
applied  to  the  active  region  of  ridge  type  semiconductor  lasers.  This  quan¬ 
tum  disk  laser  successfully  oscillates  in  continuous  wave  single-mode  at 
room  temperature  with  alow  threshold  current  of  18  mA,  which  is  lower 
than  that  of  quantum  well  laser  grown  on  (100)  GaAs  simultaneously.  The 
temperature  dependence  of  lasing  and  PL  spectra  revealed  that  the  lasing 
always  occurred  at  the  ground  level  in  the  quantum  disks.  The  lasing 
characteristics  of  the  quantum  disk  laser  drastically  degraded  with  lower¬ 
ing  temperature  below  lOOK.  The  origin  of  this  anomaly  is  discussed 
from  the  photo- luminescence  and  and  photo-luminescence  excitation 
analysis. 


1.  INTRODUCTION 

Nano-scale  semiconductor  heterostructures  have  been  extensively  studied  for  realizing 
low  dimensional  quantum  confinement  effect.  In  the  case  of  quantum  box  where  the  con¬ 
finement  is  zero-dimensional,  the  density-of-states  is  considered  to  be  delta-function- like 
(1,2).  The  theoretical  analysis  predicts  that  this  feature  is  suitable  for  reducing  threshold  cur¬ 
rent  and  enhancing  quantum  efficiency  of  semiconductor  lasers  (3).  Although  various 
attempts  to  fabricate  quantum  box  structure  such  as  the  lithographical  patterning  of  quantum 
film  and  the  growth  on  patterned  substrate  have  been  reported,  the  previous  prediction  was 
not  realized  so  far,  mainly  due  to  the  difficulty  in  the  fabrication  of  nano-scale  crystals  with 
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device  quality. 


Recently,  the  fabrication  of  quantum  boxes  using  self-organization  phenomenon  of  highly 
strained  film  system  come  into  prominence  (4).  Most  of  self-organization  phenomena 
reported  so  far  are  in  the  category  of  coherent  islanding  that  spontaneously  occurs  in 
Stranski-Kmstanow  epitaxial  growth  mode  (5- 11).  InGaAs  or  InAs  nano-crystals  as  small 
as  lOnm  have  been  obtained  in  the  MBE  grow*  of  strained  film  on  GaAs  substrate  (9-11). 

Extremely  narrow  CL  or  PL  lines  are  observed  from  these  nano-crystals,  indicating  the 

zero-dimensional  confinement  is  actually  realized  in  these  systems  (10,1 1 ). 

We  have  also  found  a  new  self-organization  phenomenon  in  a  growth  of  strained- 
InGaAs/AlGaAsheterostnictureonGaAs(311)B  surface  by  MOVPE(4).  Duringthe 
growth-inteiTuption  after  the  growth  of  strained  InGaAs  film,  the  rearrangement  of  the  film 
intoan  airay  of  nano-crystals  spontaneously  occurs.  Figure  1  shows  SEM  images  of  self- 
organized  nano-crystals  on  aGaAs  (311)B  substrate.  The  interesting  feature  of  this  system 
is  the  evolution  of  clear  ordering  among  the  dots,  which  is  never  observed  in  the  islanding 
phenomena  in  MBE  growth.  As  shown  in  the  cross-sectional  SEM  image,  a  nano-crystal 
consists  of  disk-shaped  InGaAs  and  a  barrier  layer  automatically  covering  the  disk.  The  lat¬ 
eral  size  of  the  disk  can  be  controlled  in  a  range  of 30- 120  ran  by  changing  In  content,  and  the 
density  can  be  roughly  changed  by  the  nominal  thickness  of  strained  InGaAs  film.  Another 
important  feature  of  this  system  is  that  the  resultant  stmcture  shows  excellent  optica]  proper¬ 
ties,  that  is,  strong  and  narrow  PL  spectra  comparable  to  quantum  well  film  on  conventional 
(100)  substrate  at  room  temperature  (12,15).  This  suggests  that  the  crystal  quality  of  the 
disk  is  almost  perfect. 

From  those  excellent  features,  the  quantum  disk  structure  could  have  a  high  device  appli¬ 
cation  capability,  thus,  we  have  applied  the  quantum  disk  structure  to  the  active  region  of 
semiconductor  laser  diodes.  This  paper  deals  with  the  characteristics  of  quantum  disk 

lasers. 


2.  EXPERIMENTALS 

The  acUve  layer  consists  of  doubly-stacked  InGaAs/AlGaAs  quantum  disk  layers  (13). 
Figure2shows  a  cross-sectional  view  of  the  laser  structure.  The  composition  of  strained 
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InGaAs  film  is  Ihq  25GaQ  75 As,  and  the  nominal  thickness  was  6nm  and  the  lateral  disk 
size  was  found  to  be  about  60-70  nm  fromSEM  observation.  The  filling  factor  which 
represents  the  aerial  area  occupying  with  quantum  disks  was  about  6%.  The  doubly  stacked 
quantum  disks  were  buried  and  separated  by  AlQ  j5GaQ  g5As  barrier.  The  SCH  structure 
was  composed  from  AlGaAs  cladding  and  guiding  layers. 

The  laser  structure  was  grown  on  GaAs  (311)B  and  (100)  substrates  by  MOVPE, 
simultaneously.  As  the  self-organization  does  not  occur  on  ( 100)  substrate,  the  conventional 
double  quantum  well  laser  structure  was  grown  on  (100)  substrate.  Hereafter,  the  quan¬ 
tum  disk  laser  on  (3 1 1)B  is  abbreviated  as  QD-LD,  and  this  quantum  well  laser  on  (100)  is 
as  QW-LD,  respectively. 

The  transverse-mode  stabilized  ridge  waveguide  lasers  were  fabricated  by  conventional 
patterning  and  dry-etching  process  with  he  ridge  width  of  2.5  pm.  The  device  was  cleaved 
0.9mm  long,  and  the  facets  were  uncoated.  The  laser  was  mounted  on  heat  sink  for  the  eval¬ 
uation  of  cw  operation. 

For  the  measurement  of  photoluminescence(PL)  and  photoluminescence  excitation 
(PLE)  of  laser  structure,  a  GaAs  cap  layer  was  removed  by  wet-etching.  Ti-sapphire  wave¬ 
length  tunable  laser  was  used  for  pumping  samples  in  a  wavelength  range  of  700-850  nm. 
Both  pumping  and  observation  were  performed  from  the  top  side  of  epilayer  in  these  mea¬ 
surements. 


3.  LASING  CHARACTERISTICS  AT  ROOM  TEMPERATURE 
Figure  3  shows  the  typical  light  output  versus  current  curves  of  QD-LD  and  QW-LD 
under  room  temperature  cw  operation.  The  QD-LD  has  low  threshold  current  of  about 
18  mA.  This  is  less  than  that  of  the  QW-LD  in  spite  of  low  optical  confinement  of  the 
QD-LD.  The  exact  reason  of  such  low  threshold  current  of  QD-LD  with  only  6%  active 
region  is  not  clear.  However,  the  excellent  optical  property,  that  is,  the  high  crystal 
quality  could  be  a  part  of  this  reason.  As  increasing  the  drive  current,  a  marked  saturation 
of  optical  power  was  observed  in  QD-LD.  This  gain  saturation  probably  due  to  the  small 
volume  of  active  region  occurs  in  QD-LD. 
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Thecharacteristicparameterofthresholdcurrenton  temperature,  T,,,  of  the  QD-LDs 

around  room  temperature  was  140K.  which  is  almost  the  same  as  that  of  QW-LD. 
Figure  4  shows  lasing  spectra  of  a  QD-LD  in  comparison  with  a  QW-LD.  Single-mode 

lasing  with  side-mode  supFession  ratio  of  23  dB  is  obtained  from  both  LDs  under  room- 

temperature  lOOmAcw  operation.  The  lasing  wavelength  of  the  QD-LDs  ts  about  940 
nm.  which  is  slightly  blue-shifted  from  that  of  the  QW-LD.  This  blue-shift  is  consistent 
with  that  of  PL  spectrum,  and  probably  originates  not  from  quantum  confinement  but  from 
the  difference  of  substrate. 

Unfortunately,  no  clear  evidence  of  O-dimensional  quantum  confinement  was  so  far 
obtained  in  the  lasing  characteristics  of  quantum  disk  lasers  at  room  temperature.  This  could 
be  due  to  a  too  large  disk  size  for  realizing  O-dimensional  quantum  confinement.  We  have 
already  confirmed  O-dimensional  confinement  in  the  magneto-luminescence  measurement 
of  the  quantum  disk  sample  with  a  disk  size  of  about  30  nm  (14).  The  MOVPE  growth  of 
such  smaller  disks  for  the  laser  structure  using  high  indium  content  is  not  so  uniform  at  pre¬ 
sent,  then  the  improvement  of  the  uniformity  is  now  under  investigated.  Nevertheless,  the 
low  threshold  current  of  QD-LD  at  room  temperature  demonstrates  the  high  application 
capability  of  self-organized  quantum  disk  structure  to  the  optical  devices,  and  promises  the 

future  possibility  of  realization  of  quantum  box  lasers  in  this  system. 


4.  LASING  CHARACTERISTICS  AT  LOW  TEMPERATURE 

Thelasingcharacteristics  of  QD-LD  at  low  temperature  are  investigated  under  cw  oper¬ 
ation.  Figure  5  shows  temperature  dependence  of  threshold  current  and  slope  efficiency. 
In  the  case  of  QW-LD,  both  of  threshold  current  and  slope  efficiency  improves  monot¬ 
onously  with  reducing  temperature.  These  are  typical  characteristics  of  conventional  quan¬ 
tum  well  lasers.  On  the  other  hand,  the  threshold  current  of  QD-LD  decreases  with  lowering 
temperature  andreaches  to  7  mA  at  60  K.  However,  a  further  decrease  of  temperature  causes 

a  drastic  increase  ofthieshold  current  which  exceeds  over  100  mA  at  7  K.  This  anomaly  is 
also  observed  in  the  slope  efficiency,  which  deteriorates  alreadyfrom  150  K.  This  temper¬ 
ature  dependence  is  reproducible  and  observed  in  all  QD-LDs  we  measured. 

Figure  6  shows  the  temperature  dependence  of  lasing  wavelengths  of  both  LDs.  Except 

slight  blue-shift,  the  lasing  wavelength  of  the  QD-LD  almost  coincides  with  that  of  the 
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QW-LD  at  all  measured  temperature,  and  no  anomalous  change  in  the  wavelength  was 
observed  below  60  K.  This  result  suggests  that  lasing  occurs  from  the  disk  structure  even 
at  low  temperature.  These  results  suggest  that  this  anomaly  is  intrinsic  property  of  the 
QD-LDs. 


5.  OPTICAL  PROPERTIES  AT  LOW  TEMPERATURE 

In  order  to  elucidate  the  origin  of  this  anomaly,  PL  and  PLE  spectra  of  the  laser  struc¬ 
tures  were  measured  at  low  temperature.  Figure  7  shows  the  PL  spectra  at  112K,  56  K, 
and  4  K  under  two  levels  of  excitation.  The  high  excitation  has  a  pumping  power  ten 
times  larger  than  that  of  low  excitation.  At  112K  only  one  definite  and  relatively  narrow 
peak  was  observed  at  890nm  for  both  excitation  levels.  At  56  K  the  spectrum  is  almost 
composed  of  this  peak,  but  another  broad  peak  at  870  nm  was  grown  by  increasing  the  exci¬ 
tation  power.  At  4  K  this  broad  peak  became  clearer  and  one  more  peak  appeared  at  825  nm. 
Figure.  8  shows  lasing  spectra  of  the  QD-LD.  From  the  comparison  of  Fig.  8  with  Fig.  7, 
it  is  found  that  lasing  peak  almost  coincides  with  the  narrow  PL  peak,  despite  a  large 
difference  in  injection  current  caused  by  the  anomaly.  From  these  results  we  assign  that 
the  narrow  PL  peak  around  890  nm  in  Fig.  7  is  due  to  excitonic  recombination  at  the 
ground  state  of  the  quantum  disks.  The  peak  at  825  nm  at  4  K  can  be  assigned  to  n- 
doped  GaAs.  The  origin  of  the  broad  peak  around  870  nm  is  not  clear.  Hereafter  this  PL 
peak  is  labeled  as  A. 

Figure  9  shows  the  PL  spectra  of  the  QW-LD  at  8.5  K.  The  emissions  from  GaAs 
substrate  and  InGaAs  quantum  wells  were  observed.  It  is  noteworthy  that  no  emission 
corresponding  to  the  peak  A  in  the  QD-LD  was  observed  even  under  high  excitation. 
Therefore,  it  is  considered  that  the  origin  of  the  emission  A  might  be  provided  by  the 
self-organization  because  the  phenomenon  does  not  occur  in  growth  of  QW-LD  on  (100) 
substrate. 

In  order  to  get  information  about  the  peak  A,  we  measured  photoluminescence  excita¬ 
tion  spectrum  of  this  peak  at  4  K.  The  excitation  wavelength  was  scanned  as  long  as 
857nm  limited  by  wavelength  tunable  laser  we  have  used.  Figure  10  shows  that  no 
clear  structure  is  observed  in  PLE  of  peak  A.  For  other  two  peaks  a  clear  structure  was 
observed,  indicating  that  the  peak  originates  not  from  quantum  structure  but  from  some 
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bulk-like  structure.  In  addition,  large  absorption  onset  below  800  nm  in  the  PLE  spec¬ 
trum  suggests  the  possibility  that  In-rich  AlGalnAs  contribute  to  this  emission. 

As  a  result,  the  anomaly  in  the  lasing  characterisdcs  of  QD-LD  at  room  temperature 
could  be  caused  by  bulk-like  structure  such  as  compound  (Al)GalnAs.  The  radiative 
recombination  process  in  such  bulk-like  structure  is  enhanced  by  reducing  temperature. 
Probably  the  recombination  in  bulk-like  structure  inhibits  supply  of  injected  carrier  into 

quantum  disks  at  low  temperature.  The  limited  diffusion  length  at  low  temperature  also 
accelerates  this  inhibition  of  carriersupply.  This  may  cause  the  anomaly  of  lasing  charac- 

teristics  of  quantum  disk  lasers. 

In  order  to  make  this  explanation  more  clearly,  the  mechanism  of  self-organization  on 
(3 1 1)B  substrate  is  discussed  in  the  next  section. 


6.  SELF-ORGANIZATION  MECHANISM 
In  our  previous  papers,  we  explained  the  AlGaAs  barrier  layer  automatically  covers  the 

isolated  disks  due  to  mass-transport  However, the  detaUedstructuial  analysis  revealed  that 

the  mechanism  is  more  complex.  Figure  11  illustrates  the  possible  mechanism  of  the  self¬ 
organization  on  GaAs(311)B  substrate.  A  strained  InGaAs  film  is  not  stable  at  a  relatively 
high  growth  temperature  of  around  750  ’C,  and  starts  to  condense  forming  an  undulation  m 

the  film  during  the  growth  interruption.  Afterward,  or  simultaneously  the  mtemtixing  of 

InGaAs  with  AlGaAs  occurs  at  their  interface.  This  partial  intermixing  could  reduce  the 
strain  energy.  As  the  undulation  grows,  relatively  thinner  part  of  InGaAs  completely  mixes 
with  beneath  AlGaAs  forming  AlGa(In)As  compound,  then,  this  ternary  compound 
migrates  on  top  of  InGaAs  disks.  This  speculation  was  proved  by  EDS  analysis  of  TEM 
samples,  in  which  considerable  amount  of  In  is  detected  in  the  banier  layer  on  top  of  the  disk 

(16).  These  reactionsmay  be  enhanced  byalow  surfaceenergy  of  (311)B  substrate  andhigh 

growth  temperature.  Consequently  buried  heterostructures  of  isolated  InGaAs  disks  and 
AlGa(In)As  barrier  layer  are  spontaneously  formed.  The  ordering  could  originate  in  the 
Stage  of  undulation  formation  in  the  film. 

From  this  mechanism,  it  is  clear  that  this  self-organization  growth  is  quite  different  from 
the  Stranski-Krastanow  growth  mode  which  is  observed  in  the  coherent  islanding  of 
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strained  film.  Therefore,  the  thin  quantum  well  film  layer,  so-called  wetting  layer,  forming 
inevitably  in  Stranski-Krastanow  growth  mode  cannot  exist  in  our  quantum  disk  system. 

Although  the  In  is  contained  in  the  barrier  layer,  the  resultant  AlGa(In)  As  does  not  seem  to 
correspond  to  the  bulk-like  (Al)GalnAs  responsible  for  the  lasing  anomaly.  This  is  because 
the  wavelength  of  about  870-nm  PL  peak  indicates  the  composition  of  the  bulk  struc¬ 
ture  is  very  close  to  that  of  InGaAs  quantum  disks.  This  suggests  that  some  portions  of 
disks  change  into  the  bulk-like  structure  caused  by  the  imperfection  of  self-organization 
in  the  growth  of  the  complex  laser  structure.  That  is,  the  intermixing  between  InGaAs  and 
AlGaAs  proceeds  seriously,  resulting  in  the  disappearance  of  certain  percentages  of  InGaAs 
disks  even  in  the  thicker  parts.  The  uniformity  improvement  in  the  self-organized  growth  of 
quantum  disks  in  the  laser  structure  will  be  an  important  work  in  near  future. 


7.  SUMMARY 

We  have  examined  the  application  of  new  self-organization  phenomenon  on  (311)B 
substrates  to  the  fabrication  of  semiconductor  laser.  Quantum  disk  laser  has  shown  excel¬ 
lent  lasing  characteristics  at  room  temperature.  This  demonstrates  high  potential  of  self- 
organized  structure  for  future  optical  device  application.  However,  anomalous  lasing  char¬ 
acteristic  was  observed  at  low  temperature.  This  is  probably  due  to  bulk-like  structure 
caused  by  imperfect  self-organization  in  the  growth  of  complex  laser  structure. 
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Alignment  of  disks 


Cross-sectional 

photo 


Fig.  1  SEM  images  of  self-organized  strained  InGaAs 
quantum  disks  on  a  GaAs  (31 1)B  substrate 
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Fig.  2  A  cross-sectional  view  of  quantum  disk  lasers 
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Drive  Current  (mA) 


Fig.  3  l-L  curves  of  QD-LD  and  QW-LD  in 
CW  operation  at  25  °C 
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Fig.  4  Lasing  spectra  of  LDs  under  room-temperature  100-mA  cw  operation 


Temperature  (K) 


Fig.  5  Temperature  dependence  of  threshold  cui 
and  slope  efficiency  of  QD-LD  and  QW-LD 
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Fig.  6  Temperature  Dependence  of  Lasing  wavelength 
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PL  Intensity  (arb.  units) 


H  ;  pumped  with  high  excitation  power 
L  :  pumped  with  low  excitation  power 
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Fig.  7  PL  Spectra  of  QD-LD  at  Low  Temperature 
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Fig.  8  Lasing  spectra  of  QD-LD  at  low  temperature 
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PL  Intensity  (arb.  units) 


H  :  pumped  with  high  excitation  power 
L  :  pumped  with  low  excitation  power 


Fig.  9  PL  spectra  of  QW-LD  at  8.5K 
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Strained  InGaAs  film 


(a)  Growth  of  strained  InGaAs  film 

Intermixing  Rearrangement 

IZ^  I  EZ^  Z2^  ^33 


(b)  During  growth  interruption 
AlGa(In)As  compoun 


Strained  InGaAs  disk 


(c)  Completion  of  self-organization 


Fig.  11  Mechanism  of  Self-organization  on(311)B 
Substrate 
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Abstract 

We  report  on  the  synthesis  and  characterization  of  close-packed  arrays  of  nanometer- 
diameter  metal  clusters  electrically  coupled  by  the  use  of  rigid, double-ended  organic 
molecules.  These  cluster  arrays  are  self- assembled  on  a  flat  surface  from  a  col¬ 
loidal  suspension  containing  the  metal  clusters  encapsulated  by  a  monolayer  of  do- 
decanethiol  molecules.  The  array  is  then  exposed  to  the  linking  “molecular  wire 
dissolved  in  solution  wherein  the  dodecanethiol  molecules  on  the  surface  of  the  c  us- 
ters  are  displaced  by  the  linking  molecule.  The  formation  of  these  arrays  between  two 
metal  contact  pads  that  are  separated  by  about  500nm  is  demonstrated.  ElecHical 
characterization  at  various  stages  of  array  formation  is  be  presented  along  with  a 
discussion  of  the  possible  conduction  mechanisms. 
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Introduction 


One-dimensional  and  two-dimensional  arrays  of  quantum  dots  coupled  by  tunnel 
junctions  are  interesting  both  for  their  conduction  characteristics  and  for  potential 
applications  in  nanometer  scale  computational  or  memory  devices.  Such  arrays  of 
metallic  islands  have  generated  interest  as  computational  cells  which  could  poten¬ 
tially  solve  difficult  problems  like  the  travelling  salesman  problem  by  using  the  prop¬ 
erty  that  the  array  would  settle  to  a  minimum  energy  state  corresponding  to  the 
solution  of  the  problem  [1].  Conduction  in  such  two-dimensional  arrays  has  been 
modelled,  under  various  regimes  of  coupling  to  an  underlying  gate  plane,  including 
the  extremes  of  strong  and  weak  coupling  [2,3]  At  zero  temperature  it  is  predicted 
that  these  arrays  would  show  a  conduction  gap  around  zero  bias.  In  the  case  of 
strong  gate  coupling,  Middleton  and  Wingreen  have  predicted  a  conduction  beyond 
threshold  of  the  type  1  =  {V/Vr  -  l)*^,  with  values  of  F  ranging  between  1/2  and 
5/3  depending  on  whether  the  array  is  one-  or  two-dimensional.  Recently,  in  experi¬ 
ments  conducted  at  temperatures  below  0.1  K,  such  a  conduction  has  been  observed 
through  one-  and  two-  dimensional  arrays  of  aluminum  dots  separated  by  aluminum 
oxide  layers  [4].  The  measured  values  of  F  are  consistent  with  theoretical  predic¬ 
tions  of  Middleton  and  Wingreen.  In  the  case  of  weak  coupling  to  a  gate,  studies 
using  similar  Al/AlO^;  metal  islands  have  demonstrated  the  observance  of  a  threshold 
along  with  the  sub-threshold  conductance  showing  an  activation  energy  dependence 
at  higher  temperatures  [5].  The  observance  of  the  gap  in  all  the  above  studies  is  at¬ 
tributed  to  the  Coulomb  charging  effect,  which  dominates  when  the  charging  energy 
corresponding  to  the  capacitance  of  the  metal  island  Cd  is  such  that  jCo  ksT. 
Also  the  threshold  voltage  is  related  to  the  number  of  islands  in  series  between  the 
contact  pads  and  coupling  between  the  clusters  and  the  underlying  gate  plane. 

In  order  to  see  interesting  quantum  and  Coulomb  charging  effects  in  arrays  of 
metallic  dots  at  room  temperature,  it  is  necessary  to  reduce  the  dot  capacitance,  Cd^ 
i.e.  the  total  capacitance  between  a  dot  and  all  other  dots,  to  less  than  1  x 
Farads.  This  corresponds  to  metallic  dots  with  diameters  less  than  2nm.  A  promising 
technique  for  synthesis  of  controlled  size,  nanometer  diameter  single  crystal  metal 
clusters  is  the  gas  aggregation  source  known  as  the  multiple  expansion  cluster  source 
(MFCS)  [6].  Room  temperature  Coulomb  charging  effects  have  been  observed  using 
a  scanning  tunneling  microscope  (STM)  and  gold  clusters  with  diameters  of  1-2  nm, 
synthesized  using  the  MFCS  system  [7],  In  this  STM  experiment,  bare  gold  clusters 
were  vacuum  deposited  on  a  gold  substrate  coated  with  a  self  assembled  monolayer 
(SAM)  of  a  dithiol  molecule.  The  dithiol  SAM  served  as  a  tunneling  barrier  from  the 
gold  cluster  to  the  gold  substrate.  The  other  barrier  was  between  the  cluster  and  the 
STM  tip  [7].  It  is  expected  that  similar  charging  effects  resulting  in  a  conduction  gap 
can  be  observed  at  room  temperature  in  coupled  two-dimensional  arrays  of  nanometer 
diameter  metal  clusters. 

In  this  paper,  we  report  on  the  fabrication  and  electrical  characterization  of  such 
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coupled  two-dimensional  arrays  using  nanometer-size  clusters.  These  arrays  are  se 
assembled  as  a  coupled  network  of  single  crystal  gold  clusters  (4  nm  diarneter)  bridging 
the  gap  between  two  gold  contact  pads  separated  by  400-500nm,  resulting  in  arrays 
with  70-80  clusters  in  series  between  contact  pads.  The  self-assembly  procedure  o 
the  cluster  array  involves  deposition  from  a  colloidal  suspension,  followed  by  reactive 
addition  of  a  linking  molecule  (molecular  wire)  which  bridges  the  gap  between  nearest- 
neighbor  clusters  and  also  provides  electrical  coupling  between  the  two  clusters  to  form 
a  Coupled  Cluster  Network  (CCN)  [6].  To  facilitate  non-destructive  characterization 
of  the  physical  structure  of  the  CCN  before  the  electrical  characterization,  a  substrate 
was  developed  with  Au  contact  pads  patterned  on  a  TEM  transparent  insulating 
film.  The  substrate  and  array  fabrication  are  described,  and  the  TEM  images  and 
conduction  properties  of  sample  cluster  arrays  are  discussed. 

Sample  Preparation 

A  cross-sectional  view  of  the  substrate  developed  is  shown  in  Fig.l.  The  substrate 
consists  of  two  thin  metal  contacts  fabricated  on  a  TEM-transparent,  free-standing, 
5^02  film  supported  on  a  GaAs  wafer.  The  thin  film  (40-70nm)  is  deposited  by 
thermal  evaporation  on  a  clean  GaAs  wafer.  To  obtain  continous  close-packed  arrays 
of  clusters,  the  RMS  roughness  of  the  surface  on  which  these  arrays  are  formed  has  to 
be  less  than  the  diameter  of  the  clusters.  Atomic  force  microscope  (AFM)  studies  of 
these  thin  SiOi  films  yielded  a  RMS  surface  roughness  of  approximately  Inm,  with 
features  that  vary  slowly  on  the  scale  of  a  cluster  diameter.  The  metal  contacts  were 
30-40  nm  thick  gold  contacts  separated  by  100-500nm  and  were  patterned  by  liftoff 
using  a  Cambridge  EBMF-2  electron  beam  lithography  system  [8].  Contacts  to  exter¬ 
nal  leads  were  made  by  300-500nm  thick  gold  pads  patterned  using  conventional  U  V 
lithography  and  liftoff.  Free-standing  Si02  windows  aligned  to  the  gap  between  the 
two  metal  contacts  were  formed  by  backetching  the  GaAs  wafer  in  a  H2SO4M2U2 
solution,  with  the  top  surface  protected  by  photoresist.  This  solution  does  not  etch 
Si02  and  hence  the  etching  self-stops  when  it  reaches  the  8162  layer.  The  surface 
preparation  of  the  8162  layer  after  the  backetching  step  is  critical  for  successful  for¬ 
mation  of  uniform  cluster  arrays  by  self-assembly.  The  photoresist  on  the  top  surface 
is  stripped  using  a  Microposit  1165  stripper.  This  is  followed  by  a  brief  exposure  to 
an  oxygen  plasma  in  a  barrel  etcher  to  eliminate  possible  organic  contamination  of 
the  8i02  surface  which  can  occur  during  and  after  the  resist  stripping  process.  The 
GaAs  TEM  substrates  are  then  mounted  on  thin  PC  boards  for  ease  of  handling  and 
mounting  in  the  TEM.  Since  the  oxide  layer  that  is  used  to  deposit  the  cluster  array 
is  an  evaporated  film  of  thickness  about  40-80nm,  good  quality  isolation  is  difficult  to 
achieve  and  breakdown  of  the  oxide  film  can  occur  at  high  substrate  to  contact-pad 
bias.  Only  substrates  that  show  isolation  between  pads  greater  than  lOGfi  are  used 

to  study  the  cluster  arrays.  j  ^  -i  ( 

The  gold  clusters  used  for  this  study  were  synthesized  using  a  MECb,  details  ot 
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which  are  presented  elsewhere  [6].  The  clusters  had  an  average  diameter  of  4nm  and  a 
size  distribution  with  a  half-width  of  0.5  nm,  determined  using  transmission  electron 
microscope  (TEM)  imaging.  The  clusters  are  single  fee  crystals  whose  external  shape 
is  best  described  by  a  truncated  octahedron  with  eight  hexagonal  (111)  facets  and  six 
square  (100)  facets.  For  an  ideal  truncated  octahedron  of  nominal  diameter  4.2nm, 
each  cluster  contains  about  4000  atoms.  Each  of  the  (111)  facets  of  these  clusters 
consist  of  127  atoms  with  a  facet  area  of  9.1nm^.  During  synthesis  the  clusters 
are  encapsulated  by  a  monolayer  of  dodecanethiol  (DDT)  molecules  to  prevent  the 
clusters  in  the  suspension  from  coalescing.  It  is  believed  that  on  a  (111)  gold  surface, 
a  covalent  bond  is  formed  between  the  sulphur  atom  in  the  thiol  group  at  the  end 
of  the  DDT  molecule  and  four  gold  surface  atoms  [9].  The  encapsulated  clusters  are 
stored  as  a  dilute  colloidal  suspension  in  mesitylene.  This  suspension  contains  about 
25  ppm  gold,  as  determined  by  atomic  adsorption,  and  is  stable  at  room  temperature 
with  no  precipitation  observed  over  many  months. 

The  clusters  are  deposited  onto  the  substrates  by  placing  a  drop  of  the  colloidal 
suspension  in  the  gap  between  the  contact  pads  using  a  micropipette.  The  suspen¬ 
sion  spreads  over  both  gold  and  silica  surfaces  and  as  the  solvent  evaporates,  the 
encapsulated  clusters  start  forming  islands  of  closely  packed  arrays  as  illustrated  in 
Fig.2.  In  order  to  form  a  relatively  continuous  monolayer  of  clusters  in  the  gap,  this 
procedure  is  repeated  several  times.  The  DDT  encapsulation  prevents  the  clusters 
from  aggregating  to  form  larger  particles  and  produces  a  fairly  uniform  spacing  be¬ 
tween  adjacent  clusters.  However,  it  does  not  provide  strong  mechanical  tethering 
or  reliable  electrical  coupling  between  clusters.  Most  often,  the  clusters  deposit  as  a 
single  monolayer  but  occasionally  multilayer  islands  have  been  observed. 

In  order  to  stabilize  the  cluster  network  and  to  control  the  electron  tunneling 
resistance  between  adjacent  clusters,  the  clusters  are  covalently  linked  using  a  link¬ 
ing  molecule  (molecular  wire).  For  the  linking  process,  the  sample  is  exposed  to  the 
linking  molecule  by  immersion  in  a  1  millimolar  solution  of  the  molecule  dissolved  in 
acetonitrile  [CH^CN]  for  12-14  hours  followed  by  a  20  minute  rinse  in  acetonitrile. 
During  this  process,  it  is  believed  that  the  sulphur  atom  of  the  DDT  molecule  that 
is  bonded  to  the  gold  surface  is  dislodged  by  the  end  group  of  the  linking  molecule. 
Such  displacement  reactions  have  been  demonstrated  on  flat  gold  surfaces  wherein 
the  sulphur  atom  bonded  to  the  gold  surface  can  be  displaced  by  either  another  thiol 
molecule  or  an  iso-nitrile  group  [10].  The  molecules  that  are  used  for  the  linking 
between  the  clusters  have  a  stiff  backbone  to  rigidly  connect  the  two  clusters.  In  the 
next  section  we  shall  demonstrate  the  formation  of  such  linked  arrays  using  two  dif¬ 
ferent  linking  molecules,  namely  the  p-xylene-o:,a-dithiol  {C%H\qS2)  with  a  length  of 
approximately  Inm  and  l,4-di(4-isocyanophenylethynyl)-2ethylbenzene  with  a  length 
of  approximately  2.2nm.  For  easy  reference  the  dithiol  molecule  is  referred  to  as  XYL- 
Dithiol  and  the  second  molecule  which  has  two  isonitrile  end  groups  is  referred  to  as 
22A  Di-isonitrile  or  22ADI.  Fig.  3  shows  the  structure  of  both  the  XYL-Dithiol  and  the 
22 ADI.  The  XYL-Dithiol  molecule  was  used  to  form  the  SAM  for  the  STM-tunneling 
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experiment  wherein  room-temperature  Coulomb-blockade  was  observed.  The  22 
molecule  was  synthesized  at  Purdue  and  has  been  shown  to  displace  DDT  from  the 
(111)  surface  of  bulk  gold  [10].  Structural  evidence  for  cross-linking  of  a  gold  cluster 
array  in  the  case  of  both  the  linking  molecules  has  been  studied  on  M0S2  substrates. 

Large  close-packed  arrays  of  DDT  encapsulated  gold  clusters  spanning  a  micron 
or  more  have  been  fabricated  on  M0S2  substrates  and  other  similarly  flat  substrates 
(eg  HOPG  and  Mica)  [11].  On  such  atomically-flat  substrates,  the  clusters  self- 
assemble  into  a  two-dimensional,  ordered,  hexagonal  array  with  relatively  few  defects. 
However,  such  large  uniform  arrays  have  been  difficult  to  fabricate  on  the  surfaces 
commonly  used  in  semiconductor  fabrication,  mostly  because  of  a  lack  of  surface 
flatness  coupled  with  the  fact  that  conventional  semiconductor  processing  leads  to 
molecular-level  contamination  of  the  surface.  The  current  Si02  substrates  provide  a 
surface  that  is  suitable  for  deposition  of  large  area  arrays,  but  the  quality  of  array 
is  limited  by  residual  contaminants  and  imperfections  on  the  surface,  along  with  the 
chemistry  of  the  Si02  surface. 

TEM  Studies  and  Electrical  Measurements 

We  present  DC  I-V  measurements  of  four  samples  at  various  stages  of  fabrication. 
Three  of  these  samples  (Samples  A-C)  were  linked  with  the  22ADI  molecule  and  the 
fourth  with  the  XYL-Dithiol  molecule  (Sample  D).  Table  1  shows  the  measured  values 
of  low-field  conductance  (resistance)  at  various  stages  of  fabrication  of  the  CCJN.  As 
mentioned  earlier  the  isolation  between  the  contact  pads  was  measured  to  be  greater 
than  lOGD  before  deposition  of  the  array.  Clearly  the  formation  of  a  cluster  array 
between  the  two  contact  pads  is  indicated  by  the  change  in  conductance  between  the 
pads.  The  conductance  of  the  array  ‘as  deposited’  is  determined  by  the  structure  of 
the  unlinked  array  which  is  not  mechanically  very  stable.  Upon  linking  re-ordering 
of  the  array  is  observed.  This  is  seen  by  comparing  the  TEM  micrographs  from  each 
stage.  Similar  arrays  were  studied  on  M0S2  to  confirm  the  re-ordering  and  lack  of 
dependence  on  the  type  of  substrate.  In  the  case  of  XYL-Dithiol  as  a  linking  molecule, 
significant  restructuring  including  coalescing  of  clusters  was  observed.  The  reduction 
of  the  low-field  conductance  in  the  case  of  Sample  D  could  be  associated  with  the 
destructive  nature  of  the  linking  process.  In  the  case  of  the  22 ADI  molecule  no 
change  in  the  size  distribution  of  the  clusters  was  observed,  but  the  spacing  between 
the  clusters  was  modified  from  approx  Inm  ‘as  deposited’  to  about  2nm  when  linked 
[8].  Fig.  4  shows  the  measured  I-V  of  sample  A,  which  is  symmetric  about  zero  bias. 
In  the  case  of  Samples  A  and  B,  the  back  of  the  free-standing  Si02  surface  was 
metallized  to  study  the  effect  of  a  gate  on  the  conduction  properties  of  the  CCN.  No 
evident  gating  effects  were  observed.  Two  control  samples,  consisting  of  bare  contact 
pad  substrates  (no  clusters),  were  also  characterized.  The  first  control  sample  was 
imaged  in  the  TEM  system  while  the  second  was  exposed  to  the  22  AD  I  molecule, 
using  the  procedure  described  previously.  Negligible  changes  in  conduction  between 
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the  pads  was  observed  following  these  exposures,  indicating  that  the  processes  of 
imaging  and  linking  the  cluster  array  do  not  cause  molecular  contamination  of  the 
surface,  which  would  result  in  formation  of  parasitic  conduction  paths  between  the 
two  contact  pads. 


Discussion 

As  is  evident  from  Table  1  the  deposition  of  cluster  arrays  between  contact  pads 
can  be  monitored  by  observing  changes  in  the  electrical  conduction  between  the  con¬ 
tact  pads  at  every  stage.  The  measured  conductances  indicate  that  the  conduction 
between  clusters  is  modified  due  to  the  addition  of  a  linking  molecule.  In  addition 
to  re-ordering  of  the  array,  the  linking  molecule  also  modifies  the  electrical  coupling 
between  adjacent  clusters  in  the  array.  The  exact  value  of  the  resistance  measured 
between  the  contact  pads  is  determined  by  the  geometry  of  the  array.  In  the  high 
temperature  limit,  where  Coulomb  charging  effects  are  negligble,  it  is  possible  to  es¬ 
timate  the  resistance  between  the  two  contacts  pads  if  one  has  a  handle  on;  i)  the 
resistance  of  the  linking  molecule,  ii)  the  number  of  linking  molecules  connecting  two 
adjacent  clusters  and  iii)  the  geometry  of  the  cluster  array. 

In  the  case  of  Sample  A  and  B  the  minimum  distance  between  the  pads  is  ap¬ 
proximately  450nm  and  SOOnm  respectively,  thus  giving  a  minimum  of  70-80  clusters 
in  series  between  the  pads  [12].  The  resistance  per  molecule  of  the  22ADI  molecules 
between  gold  surfaces  has  been  calculated  using  a  molecular  orbital  calculation  to  be 
about  43  [13].  The  packing  density  on  a  (111)  gold  surface  for  single-ended  thiol 

molecules  (such  as  DDT),  when  chemisorbed  from  solution  is  approximately  one  thiol 
molecule  for  every  four  gold  molecules  [9].  For  the  clusters  used  in  this  study,  this 
corresponds  to  approximately  32  molecules  chemisorbed  on  each  (111)  facet.  Since 
the  packing  density  of  22ADI  on  gold  is  not  known,  this  same  value  (32)  is  assumed. 
The  simulated  resistance  between  two  adjacent  clusters  {Rd),  assuming  32  parallel 
resistors,  each  with  a  resistance  of  43  Mfl,  is  1.4  Mi7.  For  calculation  of  the  expected 
resistance  between  the  pads,  we  modeled  the  samples  as  semi-infinite  hexagonal  ar¬ 
rays  with  contact  pads  having  a  parabolic  shape.  For  the  high  temperature  limit, 
for  which  Coulomb  charging  effects  can  be  ignored,  this  model  yields  an  array  resis¬ 
tance  approximately  equal  to  Rd-  The  high  temperature  resistance  extrapolated  from 
variable  temperature  measurements  of  the  linked  arrays  using  the  22ADI  molecule  is 
approximately  IMD,  which  is  in  reasonable  agreement  with  this  calculated  resistance. 

In  a  study  of  two-dimensional  arrays  using  the  AljAlO^  system  by  Tighe  et.al. 
where  the  metal  islands  are  weakly  coupled  to  the  underlying  gate  plane,  a  conduction 
gap  has  been  observed  for  temperatures  where  (e^/2C'c>)  10(A:bT)  and  measurable 

conductance  has  been  observed  within  the  gap  for  higher  temperatures  [5].  Since 
the  capacitance  values  of  the  clusters  in  the  CCN  is  not  directly  measurable,  one  can 
only  estimate  the  charging  energy  of  an  individual  dot.  We  estimate  that  the  charging 
energy  ranges  between  72meV(er  =  2)  and  140  meV(er  =  1)  for  a  hexagonal  closed 
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closed  packed  array  of  4nm  clusters  separated  by  Inm.  Since  there  are  about  7  - 
80  clusters  in  series,  the  threshold  voltage  would  range  between  5  and  12  Volts  tor 
the  present  structure.  At  room  temperature  ksT  «  26meV  and  is  lower  than  e 
estimated  charging  energy  of  the  cluster.  Hence  the  low-field  conductance  would  be 
affected  by  this  Coulomb  charging  effect  and  would  result  m  the  observance  ot  a 
higher  measured  value  of  Rd  at  room  temperature  than  the  value  obtained  from  the 
model.  Although  for  the  present  CCN  structure  (4nm  clusters)  no  conduction  gap  has 
been  observed  at  room  teperature,  for  the  STM  experiment,  a  Coulomb  gap  has  been 
experimentally  observed  using  l-2nm  diameter  clusters  [7].  It  is  therefore  expected 
that  a  conduction  gap  around  zero-bias  at  room-temperature  can  be  observed  m  CCNs 
if  the  cluster  diameter  is  reduced  to  l-2nm.  CCNs  with  4nm  diameter  clusters  should 
show  comparable  behavior  at  temperatures  below  about  lOOK. 

At  this  preliminary  stage,  the  dimensions  of  the  array  are  not  well  controlled. 
However,  the  array  structure  itself  seems  robust,  yielding  reliable  structures  from 
sample  to  sample.  While  conduction  through  cluster  arrays  has  been  demonstrated, 
the  irregularities  in  the  present  arrays  are  believed  to  play  a  significant  role  in  the 
conduction  properties.  Particular  issues  that  must  be  addressed  include  voids  and  lack 
of  ideal  ordering  in  the  arrays.  Varying  the  array  composition,  including  changing 
the  cluster  size  and  the  cluster  metal  would  be  interesting  and  possible  using  current 
technology.  A  better  understanding  of  the  linking  process  and  the  conditions  tor 
successful  linking  is  needed  to  exploit  the  inherent  flexibility  of  the  CCN  structure. 
It  is  hoped  that  such  studies  will  lead  to  fabrication  of  CCNs  whose  properties  can 
be  tuned  between  the  conducting  and  the  insulating  limits. 


Conclusion 

An  experimental  study  of  electronic  conduction  in  CCNs  of  4  nm  diameter  gold 
clusters  linked  by  rigid  organic  molecules  (‘molecular  wires’)  has  been  carried  out.  A 
comparison  of  the  current-voltage  relationships  at  various  stages  of  sample  synthesis 
indicates  that  the  conduction  properties  of  these  arrays  can  be  used  to  character¬ 
ize  the  properties  of  the  array  during  various  stages  of  the  CCN  fabrication.  It  is 
expected  that  CCNs  can  be  fabricated  which  will  exhibit  interesting  conduction  be¬ 
havior,  including  room-temperature  Coulomb  charging  effects. 
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Figure  Captions 


Figure  1:  Substrate  developed  for  the  electrical  characterization  and  imaging  of 

cluster  arrays  (CCN). 

Figure  2:  Illustration  of  the  self-assembly  of  cluster  arrays  on  the  free-standing  Si02 
film  from  a  colloidal  suspension  containing  DDT  encapsulated  clusters 

Figure  3:  Structure  of  the  linking  molecule;  a)  XYL-Dithiol  molecule  and  b)  22 ADI 
molecule. 

Figure  4:  Measured  room  temperature  current-voltage  characteristics  of  conduction 
through  cluster  array  for  Sample  A.  Inset  shows  structure  of  linking  molecule  (22 ADI). 

Table  1:  Measured  low-bias  conductances  of  the  samples  at  various  stages  of  the 
CCN  fabrication.  Isolation  between  pads  for  bare  sample  (no  clusters)  exceeded 

locn. 
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Sample 

Distance 
between  pads 

As  Deposited 

Linked 

Linking  Molecule 

A 

450  nm 

1.28  X  10-®  S 
(TS.lMfi) 

1.13  X  10"^S 
(8.84MD) 

22ADI 

B 

500  nm 

1,32  X  10"’’  S 
(7.57AfO) 

8.20  X  10-®  S 
(12.1A/n) 

22ADI 

C 

190  nm 

1.72  X  10"’  S 
(S.SlMfl) 

9.6  X  10-»  S 
(10.4Mn) 

22ADI 

D 

— 

6.16  X  10"®  S 
(162M11) 

1.7  X  10-’®  S 
(5.8Gn) 

XYL-Dithiol 
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Drop  of  colloidal 
solution 
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Contact  pad 


Thiol-encapsulated 
cluster 
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SiO  film 
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solvent 
evaporation 


Cluster  array 
formation 
between 
contacts  after 
complete 
evaporation  of 
the  solvent 


TUT 
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Abstract 


This  paper  presents  a  theoretical  calculation  predicting  the  resistance  of  a  class  of 
organic  molecules  as  measured  between  two  semi-infinite  gold  contact  pads.  These  organic 
molecules  consist  of  one  or  more  para-substituted  benzene  rings  with  different  end-groups 
designed  to  bond  to  the  gold  pads.  Such  molecules  are  potentially  useful  as  interconnectors 
for  nanoscale  electronic  devices.  Our  calculations  are  based  on  the  Landauer  formula  which 
relates  resistance  to  the  transmission  function.  To  evaluate  the  transmission,  we  use  a 
Green’s  function  based  method  which  is  well-suited  to  handle  the  open  boundary 
conditions  associated  with  the  gold  contacts.  Our  approach  denionstrates  (a)  that 
conduction  through  these  molecules  is  largely  by  tunneling,  with  a  resistance  m  the  range 
of  megohms;  (b)  the  resistance  is  lower  with  thiol  (-S-)  end-groups  compared  to  isocyamde 
f-CN-)  end  groups;  (c)  the  resistance  increases  exponentially  with  the  number  of  benzene 
rings;  and  (d)  the  resistance  depends  sensitively  on  the  internal  coupling  between  benzene 
rings. 
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Introduction 


In  the  last  few  years  there  has  been  significant  progress  in  the  preparation  and 
characterization  of  organic  molecules  attached  to  metal  surfaces  [1-5].  Metallic  clusters  have 
also  been  interconnected  using  organic  molecules,  opening  up  new  possibilities  for 
nanoelectronic  devices  [6].  Recent  advances  have  made  it  possible  to  probe  the  resistance 
of  individual  molecules  using  scanning  tunneling  microscopes  [4,7].  However,  the  factors 
that  control  the  electronic  transport  in  these  molecules  is  not  well  understood.  The  natural 
questions  to  ask  are  (a)  what  is  the  magnitude  of  the  resistance  that  one  can  expect  from  this 
class  of  molecules,  (b)  how  is  the  resistance  affected  by  the  internal  structure  of  the 
molecule,  and  (c)  what  effect  do  the  end  groups  have  on  the  resistance?  This  paper 
attempts  to  provide  answers  to  these  questions  through  a  systematic  theoretical  study  of  the 
resistance  of  organic  molecules  consisting  of  one  or  more  para-substituted  benzene  rings 
attached  to  gold  contact  pads  through  thiol  (-S-)  or  isocyanide  (-CN-)  end  groups  (see 
Fig.l  where  thiol  end  group  is  shown). 

Our  calculations  are  based  on  the  Landauer  formula  which  expresses  the 
conductance  G  in  terms  of  the  transmission  function  T  through  the  molecule  from  one 
contact  to  another  at  the  Fermi  energy: 

G=  (2e^/h)T  (1) 

As  long  as  the  voltage  drop  across  the  molecule  is  small  compared  to  the  HOMO- 
LUMO  gap,  this  linear  conductance  formula  (eq.(l))  should  be  adequate.  Also,  it  is  not 
necessary  to  consider  thermal  averaging  since  keT  is  very  small  compared  to  the  gap  even 
at  room  temperature.  Inelastic  processes  are  neglected  in  this  approach.  Neglecting  inelastic 
processes  may  not  be  fully  justified  since  the  coupling  between  electronic  motion  and 
vibrational  modes  of  the  molecule  is  often  quite  strong.  We  leave  it  to  future  work  to  assess 
the  effect  of  such  coupling  on  the  conductance. 

The  energy  levels  of  the  different  molecules  all  have  the  same  generic  structure, 
consisting  of  a  set  of  occupied  levels  separated  by  a  gap  of  2-3eV  from  a  set  of  empty 
levels.  Clearly  the  resistance  can  be  quite  low,  if  the  Fermi  energy  were  aligned  with  one  of 
the  energy  levels  of  the  molecule.  However,  it  seems  fairly  certain  that  under  normal 
circumstances  this  will  never  be  the  case;  the  Fermi  energy  will  lie  in  the  gap  regardless  of 
the  nature  of  the  metal  or  the  molecule.  This  is  exactly  what  one  finds  with  metal 
semiconductor  contacts  due  to  the  formation  of  Metal  Induced  Gap  States  (MIGS)  [8].  We 
find  a  similar  effect  in  our  simulations  [9],  leading  us  to  believe  that  the  conduction  through 
the  molecules  at  low  bias  will  generally  involve  tunneling  through  the  HOMO-LUMO  gap 
(rather  than  free  propagation  through  a  molecular  energy  level)  leading  to  resistances  of  the 
order  of  megohms. 


The  model 

There  are  various  ways  to  evaluate  the  transmission  function  T  appearing  in  eq.(l) 
[10,11].  We  use  the  Green’s  function  approach  described  in  ref.[12],  which  provides  a 
powerful  and  versatile  technique  for  handling  the  open  boundary  condition  associated  with 
the  semi-infinite  contacts.  The  basic  input  needed  in  the  calculation  is  the  Harniltonian 
matrix  for  the  system.  If  a  set  of  orthogonal  atomic  wave  functions  is  chosen,  it  can  be 
written  as: 
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'H,  C|  0 

Cf  C,  ® 

.  0  c;!-  Hr 

Here  Hm  is  the  Hamiltonian  for  the  molecule  and  Ci ,  Cr  describe  the  coupling  of 
the  molecule  to  the  left  and  right  contacts  respectively,  while  Hi  and  Hr  are  the 
Hamiltonians  for  the  isolated  left  and  right  contacts.  The  transmission  function  is  given  by: 

T=Tr[A,MA,M"] 

which  can  be  viewed  as  a  generalized  version  of  the  familiar  result  (from  tunneling 

Hamiltonian  theory)  that  T  ~  pi  Pr  |Mp,  where  pi  and  pr  are  the  density  of  states  and  M  is 
the  matrix  element.  A]  and  Ar  are  the  spectral  functions  (generalized  density  of  states) 
while  M  is  an  effective  matrix  element.  Unlike  the  tunneling  Hamiltonian  result,  eq.(3)  is 
valid  for  arbitrary  coupling,  since  M  is  evaluated  t^ng  the  coupling  into  account 

The  different  quantities  appearing  in  eq.(3)  can  be  evaluated  once  we  have  the 
Hamiltonian  in  eq.(2).  Ai  and  Ar  are  the  spectral  functions  for  the  isolated  left  contact  and 
the  isolated  right  contact  respectively; 


A]  =i-[gi-gf] 
Ar  =  i-[gr~gn 


g,  =[E  I-Hi+iO+]  ^ 
gr=[E-I-Hr+iO+r‘ 


Additionally  M  is  the  effective  matrix  element  connecting  the  two  contacts  via  the 
molecular  energy  levels: 


M  =  C|GSc+ 


GS=[E  I-Hm-Ctg|C,-C,g,C+]  '  (5a) 


We  are  primarily  interested  in  the  matrix  element  at  E  =  Ef,  which  lies  in  the 
HOMO-LUMO  gap.  Since  the  energy  is  well  separated  from  any  of  the  molecular  energy 
levels  and  the  coupling  is  usually  weak,  eq.(5a)  can  be  approximated  as: 

M  =  C,  [E  I-Hnr]"^C;^ 

This  is  particularly  convenient  for  it  allows  us  to  evaluate  M  without  reference  to  Hj 
and  Hr.  To  calculate  the  transmission  function  T  (see  eq.(3))  we  do  need  the  spectral 
functions  for  the  left  and  right  contacts  (Ai  and  Ar)  but  these  can  be  calculated  once  and  for 
all  and  then  re-used  with  different  molecules  (13).  Additionally,  if  we  are  not  tnterested  m 
the  absolute  conductance  and  simply  wish  to  compare  different  molecules  (with  the  same 

contact  material)  we  can  compare  their 'M' values.  ,  ■  j  r 

The  basic  input  in  this  calculation  (see  eq.(2))  can  be  obtained  from  dt^ent 
approaches  and  any  inherent  approximation  will  be  reflected  in  the  calculated  results.  For 
example  we  use  HyperChem  [14]  to  obtain  the  geometric  structure  of  the  molecule  and 
then  use  the  Extend^  Huckel  model  [15]  to  obtain  Hm,  Ci  and  Cr.  This  method  is  simple. 
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intuitive  and  fast  at  the  expense  of  accuracy.  Better  accuracy  could  be  achieved  with 
sophisticated  ab  initio  programs  and  might  be  desirable  for  accurate  calculations  once  the 
basic  physics  has  been  clearly  identified  and  understood. 

The  Hamiltonians  Hi  and  Hr  describing  the  isolated  left  and  right  contacts  are 
obtained  from  standard  handbooks  describing  band  structure  calculations  for  bulk  metals 
[16].  These  matrices  are  infinitely  large  since  the  contacts  are  semi-infinite  regions,  so  that 
technically  we  need  to  invert  infinite  matrices  to  calculate  gi  and  gr.  This  can  be 
accomplished  by  making  use  of  the  periodicity  of  the  crystal,  as  one  does  in  band  structure 
calculations.  Note  that  we  do  not  need  all  the  components  of  the  infinite  matrices  gi  and  gr. 
We  only  need  gi  (i,j)  and  gr  (i,j),  for  orbitals  'i'  and  'j'  in  the  metal  that  are  coupled  to  the 
molecular  levels. 

An  important  point  to  note  is  that  the  Extended  Huckel  method  uses  nonorthogonal 
atomic  wave  functions.  As  a  result  three  different  kinds  of  Green’s  functions  can  be 
defined,  i.e.,  contravariant,  mixed  and  covariant  [17].  These  Green’s  functions  are  not 
independent  but  related  to  each  other  through  the  representations  of  unity.  We  use  the 
covariant  representation  of  the  Hamiltonian  so  that  the  identity  operator  appearing  in  eqs.(4) 
and  (5)  should  be  interpreted  as  the  overlap  matrix  S,  where  Sjj  =  (ilj).  Also  the  coupling 
matrices  C  appearing  in  eqs.(5a,b)  should  be  replaced  by  (ES-C). 


Xylyl  dithiol 

We  have  used  the  above  approach 
to  compute  the  resistance  of  xylyl-dithiol 
connected  between  the  (111)  surfaces  of 
two  gold  pads  (Fig.l).  This  molecule  has 
8  hydrogen,  8  carbon  and  2  sulfur  atoms. 
We  use  hydrogen  Is,  carbon  2s2p  and 
sulfur  3s3p3d  (total  8xl+8x4+2x9 
=58)  nonorthogonal  wave  functions  to 
describe  the  molecule,  and  5d6s6p 
nonorthogonal  orbitals  for  each  gold 
atom.  We  calculate  a  resistance  of  about 
4.3  Mf2,  in  reasonable  agreement  with 
the  reported  experimental  value  of  4 
MQ[4]. 


AtJ 

. AU 

CH 

HCCH 

s- 

i 

Fig.l:  Chemical  structure  of  xylyl-dithiol  connecting 
two  gold  substrates.  Inset  shows  the  position  of  the 
sulfur  atom  with  respect  to  gold  atoms  at  (111) 
surface. 


Factors  affecting  the  resistance 

To  gain  some  insight  into  the  different  factors  affecting  the  resistance  of  a  molecule, 
it  is  convenient  to  write  the  matrix  element  M  in  eq.(5)  as: 

M=Mi  gl  M,  (6) 

where  g^  is  Green’s  function  for  the  molecule  without  the  end  groups  .  Mi  and  Mr  are 
the  effective  coupling  between  the  molecule  and  the  left  and  right  pads  respectively.  This 
coupling  is  mediated  by  the  end  group  (-S-  or  -CN-)  and  is  thus  different  for  different  end 
groups.  The  advantage  of  this  viewpoint  is  that  it  allows  us  to  separate  the  effect  of  the  end 
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groups  (Mi  and  Mr )  from  the  effect  of  the 
molecule  (g^).  We  will  now  use  this 
viewpoint  to  compare  different  molecules 
and  different  end  groups. 


Role  of  end  groups 

One  interesting  question  in 
molecular  conduction  is  the  role  of  the 
end  groups  (like  -S-  or  -CN-).  To 
understand  this  problem  we  studied  two 
molecules  with  exactly  same  structure  but 
different  end  groups.  To  be  specific  we 
considered  (1)  a  benzene  ring  with  two 
sulfur  atoms  at  each  end  replacing  two 
hydrogen  atoms,  and,  (2)  a  benzene  ring 
with  ‘CN’  end  groups  replacing  the 
hydrogen  atoms.  Which  will  conduct 
better  ? 

One  should  be  able  to  answer  this 
question  simply  by  looking  at  the 
corresponding  M  (Mi  or  Mr ),  since  is 
the  same  for  both.  However,  M  is  a 
matrix,  and  has  too  much  information.  It 
would  be  convenient  to  have  a  single 
number  to  quantify  the  coupling  strength 
of  each  end  group.  The  problem  is 
simplified  by  concentrating  on  the  most 
important  terms,  namely  the  gold  6s 
orbital  and  the  carbon  2  p^  orbital  (in  the 
molecule)  which  have  the  biggest 
contribution  at  energies  around  Ef.  The 
effective  coupling  M  between  these 
orbitals  is  a  single  number  which  can  be 
written  as: 


(7) 

where  £;  represents  the  energy  of  the  i^h 
energy  level  of  the  end-group,  and  Cq\ 
and  Cjm  represent  its  coupling  to  the  gold 
(s  orbital)  and  the  molecule  (carbon  px 
orbital)  respectively.  Figs. 2  a  and  b  show 
M  vs.  Fermi  energy  for  the  two  end 


Fig.2:  (a).  M  matrix  element  for  ‘S’  from  gold  s 
orbital  though  sulfur  to  carbon  p^  orbital.  Dotted 
lines  show  contributions  from  the  sulfur  p^  and  d^j 
orbitals.  Other  orbitals  have  negligible  contribution. 
Solid  line  shows  the  total  contribution,  (b).  Same  as 
(a)  for  ‘CN’  group  where  two  main  contributions 
come  from  linear  combination  of  carbon  and  nitrogen 
p^  states,  (c).  Conductance  (in  units  of  2e^/h  )  vs. 
Fermi  energy  for  two  molecules  differing  only  in 
their  end  groups. 
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groups  -S-  and  -CN-.  The  former  clearly  provides  larger  coupling,  and  should  lead  to 
larger  conductance.  An  exact  calculation  confirms  this  expectation  (Fig. 2c). 

Eq.(7)  also  allows  us  to  separate  out  the  contribution  of  different  energy  levels  to 
the  coupling  as  shown  in  Figs. 2a  and  2b.  For  the  end  group,  -S-,  we  find  that  the  main 
contribution  comes  from  the  pz  and  dz2  states  having  energies  at  -13.3  and  -8.0  eV 
respectively.  The  contribution  from  the  other  levels  is  negligible.  For  the  end  group,  -CN-, 
the  main  contribution  comes  from  two  states  at  -12.2  and  -7.9  eV,  which  represent  linear 
combinations  of  pz  states  in  carbon  and  nitrogen. 


Effect  of  successive  benzene  rings  in  series 

Next  we  compare  molecules  with  identical  end-groups,  but  with  differing  numbers 
of  benzene  rings  in  between.  It  is  readily  shown  that  the  Green’s  function  across  two 
benzene  rings  in  series  is  given  by: 

gS  =  gbCbg?  +gfCbg?Cjg?Cbg^  +g^CbgfcSg^Cbgfcfg?Cbg?+ . 

^  gfCbg^  (8) 

where  gj  is  the  Green's  function  across  a  single  benzene  ring,  and  is  the  coupling 
matrix  between  the  two  rings.  Since  most  of  the  contribution  comes  from  carbon  pz  orbital 
we  can  treat  these  quantities  as  pure  numbers  instead  of  matrices,  so  that  the  Green’s 
function  (and  hence  the  effective  matrix  element)  is  proportional  to  the  coupling  Cb  between 
the  Pz  orbitals  in  successive  benzene  rings.  The  conductance  being  proportional  to  the 

square  of  the  matrix  element  changes  as|  Cb  |  . 

Organic  molecules  are  typically  not  very  rigid.  The  molecule  is  constantly  vibrating 
and  rotating.  For  the  molecule  discussed  above,  the  rotation  is  most  likely  to  occur  in  the 


O.C6r 


K'' 


Fig.3;  Conductance  (in  units  of  2e^/h  )  of  a  long 
molecule  as  a  function  of  the  misalignment  angle  0 
between  successive  benzene  rings. 


+  S35 
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+SBB5BBS 


NuniDer  of  Benzene  nnps 

Fig.4;  Conductance  (in  units  of  2e^/h  )  of  molecules 
with  different  number  of  benzene  rings.  Conductance 
goes  down  exponentially  with  increasing  number  of 
benzene  rings. 


+  SBSS 

+  SB9SS 

+  S33BBS 


Electrochemical  Society  Proceedings  95-17 


75 


region  between  two  benzene  rings  so  that  successive  benzene  planes  have  an  angle  0 
between  them.  Since  c^  is  proportional  to  the  overlap  integral  which  changes  as  cos(e), 

the  conductance  will  be  proportional  to  cos2(0).  This  is  confirmed  by  a  direct  numerical 
simulation  (see  Fig.3).  We  would  expect  the  measured  conductance  to  represent  an 
appropriate  statistical  average  over  configurations  with  different  values  of  0.  Additional 
effects  could  arise  due  to  inelastic  scattering  by  the  molecular  vibration  which  we  are 

neglect^lJf  for  a  chain  of  weakly  coupled  rings  (whose  Green's  functions  are 

gf ,  gj  ,  etc.)  we  can  write  approximately: 

gb»  gbCbSbCb  .  gbCbgb 

For  benzene  rings  we  can  consider  only  p^,  orbitals  and  treat  the  different  elements 
as  pure  numbers.  This  means  that  the  conductance  should  decrease  exponentially  with  the 
number  of  rings.  Numerical  results  for  1,2, 3, 4,5  benzene  rings  with  two  sulfur  atoms  at 
each  end  is  consistent  with  this  expectation  (see  Fig.4). 


Summary 

To  summarize,  we  present  theoretical  calculations  predicting  the  resistance  of  a 
class  of  organic  molecules  as  measured  between  two  semi-infinite  gold  contact  pads.  These 
molecules  are  potentially  useful  as  interconnectors  for  nanoscale  electronic  devices.  Our 
approach  shows;  (a)  that  the  conduction  through  molecules  generally  involves  tunneling 
and  the  resistance  is  of  the  order  of  megohms;  (b)  the  resistance  is  lower  when  thiols  (-S-) 
are  used  rather  than  isocyanides  (-CN-)  as  end  groups  to  attach  the  molecule  to  the  gold;  (c) 
the  resistance  increases  exponentially  with  the  number  of  benzene  rings;  and  (d)  the 
resistance  depends  sensitively  on  the  internal  coupling  between  benzene  rings.  Ihis 
theoretical  study  should  aid  experimentalists  in  choosing  molecules  with  appropriate 
resistance  and  could  stimulate  new  experimental  work  in  this  direction. 
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Abstract 

InAs/GaAs  quantum  dots  (QD's)  have  been  grown  with  molecular  beam  epitaxy  in  a  variety  of 
assemblies.  Single  sheets  of  ordered  arrays  of  dots  are  fabricated  with  single  In  As  layers. 
Vertically  stacked  dots,  forming  a  tetragonal  lattice  of  InAs  islands  are  created  by  deposition  of 
multiple  InAs  layers,  separated  by  thick  GaAs  layers  (typically  lOnm).  The  vertical 
arrangement  of  dots  is  driven  by  the  extended  strain  field  of  the  underlying  dots.  Vertically 
electronically  coupled  QD’s  develop  when  thin  (1.5nm)  GaAs  spacer  layers  are  grown.  The 
electronic  structure  of  the  various  island  geometries  is  determined  with  luminescence 
techniques  and  found  to  agree  with  theoretical  calculations. 


I.  Structural  Properties 

InAs/GaAs  quantum  dots  (QD's)  have  been  grown 
using  molecular  beam  epitaxy  in  the  coherent  island 
Stranski-Krastanow  growth  mode.  Under  optimized 
growth  conditions,  regarding  arsenic  pressure  and 
substrate  temperature,  pyramidal  quantum  dots  with 
square  bases  along  <100>  develop  on  a  thin  wetting 
layer  11-4].  Their  size  (typically  12nm  base  length 
and  {101}  or  {203}  facets)  is  independent  of  the 
amount  of  material  deposited  for  1.6  to  4  mono- 
layers  (ML's)  of  InAs,  if  for  small  deposition  thick¬ 
ness  growth  interruption  is  employed  (Fig.l).  High 
density  (10'  *  dots/cm^)  arrays  of  dots  exhibit  align¬ 
ment  of  dots  along  the  two  <100>  interface  direc¬ 
tions  [2]  due  to  the  repulsive  island-island  inter¬ 
action.  The  anisotropic  elastic  properties  of  the  III- 
V  compounds  involved  make  the  square  2D  lattice 
energetically  more  favorable  than  other  arrange¬ 
ments,  like  e.g.  hexagonal. 

Multiple  deposition  of  InAs  layers  with  relatively 
thick  GaAs  spacer  layers  (typically  lOnm)  results  in 
vertical  alignment  of  dots  in  different  layers  as  has 
been  reported  already  in  [5]  and  more  recently  in 
[6,7].  This  is  due  to  the  extension  of  the  strain  field 
of  the  underlying  dots.  A  simulation  of  the  strain 
field  at  the  surface  shows  an  expansion  of  the 
surface  unit  cell  above  the  dot  and  a  contraction  in 
between  dots,  thus  making  the  nucleation  of  islands 
on  top  of  already  present  ones  more  favorable  [8]. 
For  sufficient  separation  (lOnm  or  larger)  of  the 
sheets  of  islands  the  electronic  coupling  is  negli¬ 
gible.  The  basic  properties  of  the  individual  dots  is 
thus  not  altered.  We  note  that  for  laser  application 


Fig.l:  Plan  view  TEM  images  of  (a)  4ML 
InAs  on  GaAs  and  (b)  2ML  InAs  on  GaAs 
deposited  with  100s  growth  interruption. 

the  gain  is  enhanced  due  to  the  increase  of  the 
confinement  factor.  If  the  threshold  is  given  by  the 


Electrochemical  Society  Proceedings  95-17 


80 


inversion  condition,  it  is  also  increased  accordingly 
due  to  the  larger  number  of  states  to  be  filled. 


Fig.2:  (WO)  cross  section  HREM  of  triple 
InAs/GaAs  stacked  dots,  resulting  from  3x 
(0.5nm  InAs  -  1.5nm  GaAs)  deposition.  Mar¬ 
kers  denote  position  of  InAs  parts. 


Fig.  3:  (a)  Plan  view  TEM  image  ofVECOD 
structure,  (b)  and  (c)  histograms  of  two  next 
neighbor  dot  distribution. 

In  order  to  modify  the  properties  of  the  QD's 
themselves  (towards  larger  localization  and  higher 


oscillator  strength)  we  fabricated  vertically  coupled 
quantum  dots  (VECOD's)  by  alternating  short- 
period  InAs-GaAs  deposition,  resulting  in  vertical 
splitting  of  pyramids  (Fig.2). 

The  formation  mechanism  of  such  structures  [9] 
results  from  a  gain  in  strain  energy  by  transfering 
InAs  from  the  hurried  part  of  the  pyramid  to  the 
uncovered  part.  This  island  shape  transformation 
effect  has  to  be  strictly  distinguished  from  the 
formation  of  uncoupled  multiple  sheet  structures. 
We  note  that  the  VECOD's  exhibit  lateral  ordering 
similar  to  single  sheets  of  QD's  [2].  Fig.3  shows  a 
plan  view  TEM  and  N(d,0)  and  N(0)  histograms  of 
the  next  neighbor  dot  arrangement  with  clear 
maxima  in  the  <100>  interface  directions  (square 
2D  Bravais  lattice). 

II.  Electronic  Structure 

A  numerical  calculation  of  the  strain  distribution 
within  the  pyramid,  the  wetting  layer  and  in  the 
surrounding  barrier  is  performed  [lOj.  The  hydro¬ 
static  part  of  the  strain  is  confined  to  the  dot.  The 
anisotropic  strain  is  partly  transferred  into  the  bar¬ 
rier,  and  has  a  minimum  within  the  dot.  The  strain 
induces  a  strong  modification  of  the  confinement 
potentials.  Additionally  the  piezoelectric  charges  on 
the  1 1 12}-like  edges  of  the  pyramid,  resulting  in  the 
piezoelectric  potential,  have  to  be  taken  into 
account.  In  the  realistic  three-dimensional  potentials 
we  solve  the  effective  mass  Schrddinger  equation 
with  locally  varying  anisotropic  mass.  Level 
energies  and  wavefunctions  of  quantized  states  are 
obtained  as  a  function  of  QD  size  [10]. 

The  inclusion  of  the  piezoelectric  effect  leads  to  an 
intrinsic  lifting  of  the  degeneracy  of  the  in-plane 
excited  (p-like)  states  [10],  which  could  potentially 
be  revealed  by  polarization  dependent  measure¬ 
ments  of  inter-subband  transitions.  The  polarization 
anisotropy  should  be  in  the  [110]  and  [1-10] 
directions  for  the  piezoelectric  effect.  The  level 
splitting  could  be  also  explained  by  a  non- 
symmetric  in-plane  shape  of  the  dots.  A  distinction 
between  those  two  effects  could  be  made  by 
measuring  the  polarization  dependence  of  the  level 
splitting  for  electron  and  holes  for  the  same  dots. 
The  geometric  effect  would  yield  the  same 
polarization  dependence  for  electrons  and  holes, 
while  the  piezoelectric  effect  should  be  rotated  by 
90°  for  electrons  and  holes  (Fig.4). 

For  single  pyramids  in  the  !2nm  range  we  predict 
that  only  the  electron  ground  state  is  confined  for 
the  QD  sizes  present,  while  several  hole  states  are 
localized.  The  separation  between  hole  ground  and 
excited  state  is  quite  large  (about  80meV).  Since  we 
are  in  the  strong  confinement  regime,  the  exciton 
binding  energy  can  be  calculated  in  first  order 
perturbation  theory,  and  is  more  than  one  order  of 
magnitude  larger  than  the  binding  energy  in  InAs 
bulk  material  [10]. 
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Absorption  and  photoluminescence  (PL)  of  the 
ground  state  are  in  resonance  [11].  High  and  low 
area  density  dot  samples  (Fig. la  and  b)  exibit  dot 
luminescence  at  l.leV.  Higher  transitions  are  revea¬ 
led  in  absorption.  In  PL  excited  levels  appear  at 
higher  excitation  density  (larger  than  about 
i00W/cm2  for  the  sample  of  Fig.  la),  when  the 
average  carrier  number  per  QD  is  larger  than  2  e-h- 
pairs  (i.e.  the  ground  state  is  filled).  The  higher 
transitions  are  due  to  transitions  of  ground  state 
electrons  with  excited  holes  of  which  some  states 
have  large  overlap  with  the  electrons  (contrary  to 
the  case  of  a  box-like  QD)  [12].  On  the  other  hand, 
the  complete  lack  of  other  recombination  channels 
than  the  QD’s  ground  state  up  to  moderately  high 
excitation  densities  proves  very  efficient  carrier 
capture  into  the  QD's  and  energy  relaxation  there. 
The  wetting  layer  at  typically  !.4eV  is  found  in 
absorption.  PL  excitation  (PLE)  spectra  and  PL  at 
very  high  excitation  densities. 

Piezoelectricity 


PL  excitation  spectra  of  single  sheets  of  dots  are 
dominated  by  -lOmeV  broad  resonances,  centered 
at  multiples  of  the  InAs  QD  LO  phonon  energy.  The 
experimental  phonon  energy  is  in  agreement  with 
the  theoretical  value  obtained  from  the  strain 
induced  shift  [10].  The  phonon  bottleneck  problem 
is  passed  by  with  multi-phonon  emission.  In 
selectively  excited  luminescence  QD,  GaAs  barrier, 
wetting  layer  and  interface  optical  phonon  modes 
are  identified,  together  with  acoustic  phonons  [13]. 

The  ground  state  luminescence  of  the  VECOD's  is 
found  at  l.iTeV.  We  predict  hole  levels  with  a 
separation  of  less  than  one  LO  phonon  energy 
(around  30meV)  from  the  hole  ground  state. 
Accordingly  we  observe  additional  structure  at 
small  excess  energy  (20  meV)  in  PLE  spectra 
(Fig. 5),  never  seen  for  single  pyramids  where  the 
first  excited  hole  level  has  a  much  larger  separation 
from  the  ground  state  than  Elo- 


Fig.  5:  PLE  spectra  of  InAs  pyramids 
(Fig.  la)  and  VECOD's  of  Fig.2,  detected  at 
PL  maximum  of  1.1  eV  and  l.lJeV,  respec¬ 
tively.  Arrows  denote  response  due  to  low 
lying  hole  levels  in  VECOD's. 


lower  upper 


Conclusion 


Fig.4:  p-like  states  in  a  quantum  dot  (sche¬ 
matic  wavefucntions).  Lifting  of  degeneracy 
due  to  piezoelectric  charges  and  shape  aniso¬ 
tropy.  "e"  and  "h"  denote  wavefunct ions  for 
electrons  and  holes,  "lower"  and  "upper" 
denote  the  levels  with  the  lower  and  higher 
energy,  respectively. 


Ordered  InAs/GaAs  quantum  dot  arrays  of  different 
geometry  have  been  fabricated  using  different 
deposition  schemes  in  molecular  beam  epitaxy. 
Vertical  electronic  coupling  of  quantum  dots  leads 
to  a  modification  of  the  basic  electronic  structure  of 
the  QD's  in  agreement  with  theoretical  simulations. 
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ABSTRACT 

We  report  on  magnetotransport  measurements  in  two-dimensional  elec¬ 
tron  gas  (2DEG)  systems.  By  using  a  tunable  130  nm  central  gate  that 
acts  as  an  artificial  scatterer  in  a  2DEG  channel  and  measuring  the  two- 
terminal  conductance  through  the  channel,  we  studied  the  evolution  oi 
the  edge  states  as  a  function  of  the  potential  strength  of  the  artificial 
scatterer.  The  results  indicate  strong  coupling  between  edge  states  of 
different  Landau  levels.  In  another  set  of  measurements,  we  measured 
the  two-terminal  conductance  of  a  2DEG  Hall  bar.  We  observed  strong 
Shubnikov-de  Hass  oscillations,  which  we  attribute  to  backscattering  in 
the  highest  occupied  Landau  level  when  it  is  partially  filled,  combined 
with  strong  interlevel  coupling. 
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Adiabatic  transport  through  edge  states  which  form  at  high  magnetic  fields  has 
been  used  to  explain  the  quantum  Hall  effect  [1].  Scattering  and  coupling  of  these 
edge  states  by  random  potential  fluctuations  (due  to  defects  and  inhomogeneities) 
can  cause  the  breakdown  of  the  quantum  Hall  effect  [1].  Studying  the  influence  of 
scattering  and  edge-state  coupling  can  shed  new  light  on  transport  in  the  quantum 
Hall  regime. 

We  report  on  magnetotransport  in  two-dimensional  electron  gas  (2DEG)  sys¬ 
tems.  We  fabricated  a  submicrometer-wide  constriction  defined  by  split  gates  (0.4 
Hm  apart  and  0.6//m  long),  with  a  tunable  central  gate  (130  nm  diamter)  in  the 
middle  of  the  constriction  [2].  The  split  gates  were  biased  negatively  to  modulate 
the  density  of  the  underlying  electron  gas.  The  central  gate  acted  as  an  artificial 
scatterer  whose  strength  was  varied  independently  of  the  split  gate  bias.  Two- 
terminal  magnetoconductance  measurements  through  the  channel  were  performed 
at  0.3  Kelvin  with  a  magnetic  field  of  3  Tesla  perpendicualr  to  the  2  DEG. 

Conductance  was  measured  as  a  function  of  split  gate  voltage,  with  various 
central  gate  bias  voltages.  By  sweeping  the  split  gate  voltage,  we  depleted  the 
landau  levels  one  by  one.  With  the  central  gate  voltage  held  at  zero.,  we  observed 
two  plateaus  in  the  conductance,  near  2e^//i  and  Ae^/h  (Fig.l).  (The  spin  splitting 
is  not  resolved  in  our  system).  This  behavior  changes  drastically  as  the  negative 
bias  of  the  central  gate  is  increased.  The  two  plateaus  disappear  and  a  new  plateau 
forms  at  G  2.6e^/A  (Fig.  1). 

We  attribute  this  new  step  to  the  formation  of  an  edge  state  of  the  first 
Landau  level  (LL)  which  loops  around  the  central  gate  potential  bump.  The  edge 
state  of  the  second  Landau  level  couples  to  this  loop  state,  which  in  turns  couples 
to  the  second  Landau  level  on  the  other  side  of  the  central  gate  (Fig.  2).  In 
this  way,  the  second  Landau  level  contributes  to  the  conductance  by  a  forward 
scattering  mechanism  through  the  loop  state.  Since  both  the  sample-edge  channel 
(first  Landau  level)  and  the  forward  scattering  channel  (second  LL  +  first  LL  loop 
state)  involve  conduction  through  the  first  Landau  level,  the  conductance  goes  to 
zero  in  a  single  step  as  the  first  Landau  level  is  pinched  off  with  increasing  split 
gate  bias. 

The  above  model  predicts  a  plateau  at  a  conductance  value 


G-(l  + 


2-ltp^  h 


(1) 


where  is  the  probability  of  an  electron  scattering  from  the  second  LL  edge  state 
into  the  loop  state  and  vice  versa.  From  the  measured  conductance  at  the  plateau 
G  «  2.6eV/i,  we  conclude  that  ft;  0.5.  The  value  =  0.5  corresponds  to 
strong  coupling  limit,  in  which  an  electron  makes  many  transitions  back  and  forth 
between  the  two  coupled  states,  and  thus  emerges  from  the  coupling  region  with 
equal  probability  in  either  state.  This  means  that  the  current  caryying  edge  states 
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equilibrate  remarkably  efficiently  in  a  very  short  coupling  region  (  a  few  hundred 

nanometers  in  length).  ,  ,  ,  ^  •  i 

In  another  set  of  measurements,  we  measured  the  two-terminal  and  four- 
terminal  magnetoconductances  ot  a  2DEG  Hall  bar  at  0.3  Kelvin  wh'le  ramping 
the  magnetic  field  perpendicular  to  the  2DEG,  We  observed  strong  Shubmkov-de 
Hass  oscillations  of  the  two-terminal  measurements  coincide  with  the  locations  of 
the  quantum  Hall  plateaus  in  the  four-terminal  Hall  conductance  measurements 

We  attribute  the  strong  oscillations  to  backscattering  (edge  to  edge  coupling) 
in  the  highest  occupied  Landau  level  when  it  is  partially  filled,  combined  with 
interlevel  edge-state  coupling.  When  the  magnetic  field  is  at  a  value  where  N 
Landau  levels  are  completely  filled,  backscattering  of  the  edge  states  is  suppressed 
and  the  two-terminal  conductance  is  given  by  the  Landauer  formula  for  N  one¬ 
dimensional  channels  (in  the  absence  of  backscattering)  [!]• 


2e2 

G  =  N-j- 

fi 


(2) 


As  the  magnetic  field  decreases,  the  degeneracy  of  the  landau  levels  decreases  and 
a  new  Landau  level  stars  to  be  populated.  The  partially  occupied  Landau  level 
couples  the  edge  states  at  opposite  edges  of  the  channel  through  bulk  states  at  the 
Fermi  level.  This  model  predicts  a  decrease  in  the  two- terminal  conductance  as 
a  new  level  starts  to  be  populated,  and  a  recovery  to  a  quantized  value  (  with  N 
replaced  by  N+1)  as  the  new  Landau  level  is  filled.  The  observed  behavior  follows 
this  sequence  exactly. 

In  conclusion,  we  have  observed  significant  coupling  between  different  Landau 
levels,  in  both  forward  and  backward  scattering  mechanisms.  In  the  forwyd  and 
backward  scattering  mechanism,  we  were  able  to  measure  the  coupling  strong 
between  edge  states  of  adjacent  Landau  levels. 
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Figure  1:  Conductance  vs  split  gate  voltage  at  various  central  gate  biases 
ranging  from  )V  (lefmost  curve)  to  -0.7V  (rightmost  curve).  The  magnetic  field 
was  3  Teslas. 
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Figure  2:  Schematic  diagram  of  the  conducting  edge-state  channels  at  the 
indicated  split  gate  (Kg)  and  central  gate  biases.  The  dark  and  shaded  lines 
represent  the  edge  states  of  the  first  and  second  Landau  levels,  respectively. 
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Figure  3;  Two-terminal  and  four-terminal  magnetoconductance  measurements 
of  a  2  DEG  Hall  bar. 
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MAGNETO-RAMAN  SCATTERING  FROM  ELECTRONIC  EXCITATIONS 
IN  DEEP-ETCHED  QUANTUM  DOTS 
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An  experimental  and  theoretical  investigation  of  resonant  inelastic  light 
scattering  from  electronic  excitations  in  quantum  dots  in  an  applied  magnetic 
field  has  been  carried  out.  Experimental  results  for  100,  150  and  200  nm 
samples  in  fields  up  to  12  T  show  a  complex  behavior,  with  Raman  lines 
exhibiting  level  splitting,  crossing,  and  anticrossing  and  even  mode 
softening.  Hartree  calculations  including  correlation  effects  predict  such 
magnetic  field  induced  changes. 


INTRODUCTION 

Resonant  inelastic  light  scattering  has  proved  to  be  a  valuable  characterization 
technique  for  studying  electronic  excitations  in  semiconductor  heterostructures  of  low 
dimensionality  (1).  Such  studies  can  probe  the  energy  and  wave  vector  dispersion  of 
collective  and  single  particle  excitations  (SPEs)  at  low  energies.  A  number  of  investigations 
of  one-dimensional  electron  systems  have  been  undertaken  including  measurements  of 
intrasubband  and  intersubband  excitations  in  GaAs  quantum  wires  where  only  a  few 
subbands  are  occupied  (2-5)  and  the  anisotropic  wave  vector  dispersion  of  confined 
plasmons  and  SPEs  in  GaAs  wires  with  many  occupied  subbands  (6,7).  Only  very 
recently,  has  electronic  Raman  scattering  from  such  excitations  in  zero-dimensional  electron 
systems  been  observed  (7,8).  Nearly  all  of  this  inelastic  light  scattering  work  has  teen 
carried  out  on  shallow  etched  single-quantum- well  GaAs  wires  and  dots.  It  is  now  possible 
to  observe  these  electronic  excitations  in  deep-etched  GaAs  wires  and  dots  (8).  Here  we 
report  the  first  Raman  measurements  of  the  magnetic  field  dependence  of  such  excitations 
in  dots. 


EXPERIMENT 

The  modulation-doped  MQW  heterostructure  was  grown  by  solid  source  molecular 
team  epitaxy  (MBE)  on  (001)  semi-insulating  GaAs.  The  active  region  was  580  nm  thick 
and  consisted  of  the  following  layers  repeated  10  times:  a  30  nm  AIo3Gao7As  layer,  a  8- 
doped  layer,  20  nm  of  a  GaAs(0.85  nm)/AlAs(0.85  nm)  superlattice  structure,  and  a  8  nm 
GaAs  quantum  well  region.  Shubnikov-de  Haas  measurements  at  4  K  indicated  a  two- 
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dimensional  electron  carrier  concentration  of  8.5  x  10  cm  and  a  mobility  2.85  x  10 
cmW.s.  Patterns  were  defined  by  electron  beam  Uthography  using  a  st^dard  double  layer 
PMMA  resist.  After  the  development  of  the  resist,  a  30  nm  layer  of  NiCr  was  deposited 
before  the  lift-off  and  subsequently  used  as  an  etching  mask.  For  pattern  a  low- 

damage  anisotropic  reactive-ion-etching  process  has  been  developed  using  biU4  Cv;. 

Raman  measurements  were  carried  out  in  a  backscattering  geometry  under  excitation  at 
near-resonance  conditions. 


RESULTS  AND  DISCUSSION 


Raman  results  for  100  nm  dots  in  zero  field  are  shown  in  Fig.  1  ^d  they  showed  no 
strong  polarization  properties.  Sharp  resonance  profiles  were  obtained.  For  example,  tor 
the  peak  near  8  meV  in  Fig.  1,  the  line  intensity  reached  a  maximum  at  an  excitation  ener^ 
of  1.635  eV  (compared  with  the  PL  maximum  of  1.588  eV)  and  with  a  symmetnc 
resonance  profile  full-width  at  half-maximum  of  only  17  meV.  Similar  results  were 
obtained  for  other  dot  samples.  The  intersubband  excitations  show  a  systematic  shift  to 
higher  energy  with  decreasing  dot  diameter  in  the  range  100-200  nm  consistent  with  the 
increasing  lateral  confinement. 


Three  dot  samples  were  investigated  in  magnetic  fields  up  to  12  T.  A  rich  s^ctrum  of 
excitations  was  revealed,  particularly  for  a  150  nm  sample,  as  can  be  seen  in  Fig.  2.  n 
general  most  excitations  show  a  weak  field  dependence  with  increasing  field  until  a  critical 
field  is  reached  (e.g.,  5  T  in  the  200  nm  dot  sample)  when  a  sharp  change  to  a  steep  line^ 
increase  (~  2  meV^  regime  occurs.  Other  excitations  exhibit  level  splitting,  crossing^d 
anti-crossing  and  mode  softening  with  increasing  magnetic  fic^^ 
phenomena  are  a  consequence  of  many  body  effects  in  the  zero-dimensional  electron  gas. 


Calculations  for  small  numbers  of  correlated  el^trons  in  dots  (10)  predict  the 
appearance  of  such  soft  modes  as  signatures  of  magnetic  field  induced  phase  trangtions. 
The  results  of  similar  Hartree  calculations  for  many  electron  dots  (1 1)  are  shown  m  Fig.  2. 
The  theoretical  SPE  spectrum  is  quite  consistent  with  the  experimental  s^ctrum  at  low 
magnetic  fields  (up  to  5  T).  The  SPE  spectrum  reflects  the  formation  of  electiomc  shells 
within  the  quantum  dots  and  exhibits  a  complex  evolution  with  magnetic  field,  including 
the  appearance  of  a  low  energy  excitation  due  to  a  Landau-like  band  crossing  the  Fermi 
level  with  increasing  magnetic  field  (see  the  5  T  spectmm  in  Fig.  2). 


CONCLUSION 

Raman  measurements  at  large  in-plane  wave  vector  transfer  haw  revealed  a 
multicomponent  excitation  spectrum  of  many-electron  quantum  dots,  uie  observed  single 
particle  excitations  exhibit  a  shell-like  structure.  The  complex  spectral  behavior  found  at 
low  magnetic  fields  is  consistent  with  that  predicted  by  Hartree  model  calculations. 
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Raman  shift  (meV) 

Fig.  1.  Depolarized  Raman  spectrum  of  100  nm  dots  at  4.2  K  excited  with  different 
energies  E. 
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Fig.  2.  Magnetic  field  dependence  of  the  measured  (a)  and  cdculat^  (b)  2  K 
spectra  of  150  nm  quantum  dots.  The  inset  shows  \h&  field  dependence  of  two  m^ 
transitions  and  the  arrows  mark  related  peaks  in  experiment  and  theory  for  each  magnetic 
field. 


Magnetic  field  (T) 


Fig.  3.  Magnetic  field  dependence  of  lower-energy  single  particle  excitations  in  150  nm 
dots  at  2  K. 
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ELECTRONIC  AND  NONLINEAR  OPTICAL  PROPERTIES  OF 
EXCITONIC  AND  BIEXCITONIC  STRUCTURES  IN 
RECTANGULAR  GaAa/AIGaAs  QUANTUM  WELL  WIRES 
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Exciton  and  biexciton  binding  energies,  and  wave  functions  are  calculated  with  a 
three  parameter  variational  model  in  an  effective  mass  approximation  for  a  rectangular 
GaAs  quantum  well  wire  surrounded  by  an  AlGaAs  cladding.  Moreover,  the  A1 
interdiffusion  into  the  wire  and  the  finite  band  offsets  between  the  wire  and  the  cladding 
have  been  included.  For  the  range  of  dimensions  studied,  the  inclusion  of  the  A1 
interdiffusion  had  a  pronounced  affect  on  the  binding  energies  when  compared  to  those 
obtained  from  the  infinite  barrier  model  (Frank  L.  Madarasz,  Frank  Szmulowicz,  F. 
Kenneth  Hopkins  and  Donald  L.  Dorsey,  Phys.  Rev.  B49,  13  528  (1994);  J.  App;.  Phys. 
21,  639  (1994);  Phys.  Rev.  B5i,  4633  (1995)).  In  particular,  for  small  (symmetric)  wire 
dimensions  the  binding  energies  remain  finite.  And  for  asymmetric  wires  all  binding 
energies  were  markedly  lowered.  Using  the  results  of  the  exciton  and  biexciton 
calculation,  we  calculate  the  third-order  nonlinear  optical  susceptibility  as  a  function  of 
pump-probe  frequencies  in  a  small  range  about  the  exciton  absorption  resonance.  We 
restricted  our  calculation  to  the  optical  nonlinearity  via  the  biexciton  state  arising  from  the 
population  saturation  of  the  exciton  state.  We  have  found,  depending  upon  wire 
dimensions,  broadening  parameter(s)  size,  and  the  amount  of  pump  detuning,  values  of  the 
imaginary  parts  of  the  susceptibilities  to  be  on  the  order  of  -10"^  to  -10"^  esu  and  a  fairly 
large  off-resonance  absorption  due  to  biexciton  formation. 
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I.  INTRODUCTION 


Excitonic  properties  have  been  extensively  modeled  in  quantum  wells,  wires,  and 
dots^-19.  For  the  lowest  dimensional  confinement  of  a  quantum  well,  it  is  possible  to 
analytically  construct  a  model  which  incorporates  accurately  the  physics  and  the 
geometry 0.12;  finite  barrier  potentials  and  band  offsets,  barrier  penetration,  parabolic 
shaped  wells,  etc.  Rectangular  quantum  well  wires  (QWW's),  on  the  other  hand,  are  more 
difficult.  In  general,  because  of  the  two-dimensional  confinement  the  Hamiltonian  is  not 
precisely  separable  unless  the  two  orthogonal  potentials  are  infinitef2,i3,l4  Because  of 
this  problem,  most  exciton  structure  modeling  has  been  done  for  the  ideal  case  of 
cylindrical  wires  with  an  infinite  potential  at  the  circumference  of  the  wire.  And  when 
considering  the  biexciton  binding  energy-which  is  needed  for  the  calculation  of  %  -an 
"effective"  one-dimensional  Coulomb  potential  in  the  radial  direction  was  employed  ;  still, 
was  not  explicitly  calculated.  Although,  in  a  subsequent  publication^O  Bdnyai  et  al., 
the  authors  of  Ref.  5,  extended  that  work  to  the  calculation  of  the  total  absorption 
coefficient,  and  total  refractive  index  (both  related  to  the  total  %)  for  various  beam 
intensities  in  a  two-photon  absorption  model.  On  the  other  hand,  Glutsch  and  Bechstedt 
have  approximated  the  separation  of  the  two-dimensional  potential  in  orthogonal  directions 
in  a  square  wire  with  the  condition  that  the  potential  in  one  direction  is  infinite  while  in  the 
other  direction  is  finite.  Their  interest  though,  was  only  in  calculating  the  spatially  nonlocal 
absorption,  by  single  excitons;  no  attempt  was  made  to  determine 

However,  Madarasz  et  al.^"^*^^  have  calculated  exciton  and  biexciton  binding 
energies  and  wave  functions  in  rectangular  GaAs  wires  and  have  applied  the  results  to  the 
problem  of  X^^^  for  a  pump-probe  experiment.  The  calculation  was  done  variationally 
utilizing  three  variational  parameters.  The  Coulomb  interaction  terms  were  treated  exactly 
in  their  full  three-dimensional  form  throughout  the  calculation,  especially  in  the  case  of  the 
biexciton,  which  is  a  more  physically  realistic  procedure  than  employed  in  previous 
calculations  that  relied  upon  an  effective  one-dimensional  potential(s).  As  a  result,  if  one 
dimension  of  the  rectangular  wire  is  nonzero,  no  matter  how  small,  the  other  may  be 
collapsed  to  zero  without  giving  rise  to  an  infinite  energy.  A  unique  feature  of  the 
calculation  was  its  use  of  a  two-dimensional  Fourier  expansion  of  the  Coulomb 
potential(s),  which  removes  the  numerical  difficulty  with  the  1/r  singularity  and 
considerably  reduces  the  computational  effort.  The  results  of  the  excitonic  electronic 
structure  computation  were  then  applied  to  the  problem  of  the  third-order  nonlinear  optical 
susceptibility.  With  the  goal  of  determining  peak  values  of  susceptibilities  for  various 
cross-sectional  wire  dimensions,  was  first  expanded  in  the  density  matrix  formalism, 
and  then  evaluated  for  near-resonant  exciton  absorption  in  the  rotating-wave  approximation 
(RWA)21.  Values  of  Urn  X^^^l  the  order  of  lO't  esu  were  obtained. 
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High  quality  rectangular  QWW's  have  been  most  recently  manufactured  via  Al-Ga 
interdiffusion  from  the  cladding  material  due  to  local  heating  by  means  of  a  focused  laser^^. 
A  similar  technique  is  being  pursued  using  focused  ion  beam  technology^^  both  cases, 
the  potentials  in  the  lateral  directions  are  graded  due  to  the  A1  interdiffusion.  The  previous 
model  by  Madarasz  et  al.^^'^^  assumes  an  abrupt  infinite  potential  in  the  lateral  direction. 
In  the  present  paper  we  refme/extend  that  model  to  include  finite  graded  barrier  potentials 
for  the  electrons  and  holes  in  the  lateral  direction.  In  section  2.1,  we  review  the  original 
exciton/biexciton  theory  making  the  necessary  changes  to  included  the  A1  interdiffusion.  In 
section  2.2,  we  display  the  expression  of  the  third-order  optical  susceptibility,  now 
including  terms  beyond  the  RWA.  Results  and  discussion  are  given  in  section  3.  And 
finally,  a  summary  is  given  in  section  4. 

2.  THEORY 

In  the  present  work  we  build  upon  the  existing  infinite  potential  barrier  model  of 
Madarasz  et  The  reader  is  referred  to  our  original  papers  for  the  complete  and 

quantitative  details  of  our  basic  model.  Here  we  will  outline  the  basic  theory  including  the 
appropriate  modifications  needed  to  incorporate  the  A1  interdiffusion  into  the  wire  from  the 
surrounding  cladding  material. 

2.1.  Excitonic  Properties 

The  interdiffusion  is  in  the  lateral  direction,  here  taken  as  the  z-direction.  Since  the 
potential  in  the  orthogonal  direction  is  square  and  we  are  interested  only  in  the  lowest  lying 
states,  we  may  approximate  it,  relative  to  the  lateral  direction,  as  infinite.  The  electron  and 
hole  potential  energies,  Ve  and  Vh,  respectively,  are  defined  via  the  finite  conduction,  AE?, 
and  valence,  AEv,  band  offsets  are  taken  to  be  in  the  ratio  of  60/40.  All  quantities  are 
graded  with  the  interdiffusion  A1  composition  distribution  x(z).  Following  the  work  of 
Madarasz  et  al.24  Cd  interdiffusion  across  HgCdTe  heterojunctions,  the  A1  grading 
distribution  will  be  taken  as 


x(z)  =  Xo  +  Xc 


[1] 


where  xq  (here  zero)  and  Xc  are  the  A1  compositions  in  the  wire  and  cladding  material, 
respectively,  zj  =  ±W  /2,  and  2C  is  the  A1  grading  width  in  which  the  A1  composition 
changes  by  85%. 
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The  Schrodinger  equation  for  the  single  particle  states,  in  the  lateral  direction  is: 


a| _ L_^£!<!>Lv.(x(z)]  u<">(z)  =  E|">uf>(z)  ,  [2] 

2  ciz[m*fx(z)]  dz  J  > 

i=e,h  n=l,2,3.... 

where  is  the  eigen-energy  of  the  nth  subband.  Eq.(2)  must  be  solved  numerically. 
This  we  did  with  a  "modified"  fourth-order  Runge-Kutta  routine  which  accounts  for  the 
values  of  the  variable  coefficients,  m*  [x(z)]  and  V,  [x(z)],  between  the  node  points  of  the 
integration  mesh.  Here  ml  and  V.  are  written  as  functions  of  x(z)  to  emphasize  their 
implicit  dependence  on  the  A1  compositional  grading;  x(z)  should  not  be  confused  with  the 
coordinate  x. 

In  the  envelope  function  approximation  (EFA),  the  exciton  Hamiltonian  is  given  by 


^  ^+E^V,(z)+V^(z). 


[3] 


where  me  is  the  electron  conduction-band  effective  mass,  m^^  is  the  heavy-hole  valence 
band  effeetive  mass  perpendicular  to  the  axis  of  the  wire,  \i  is  the  heavy-hole  exciton 
reduced  mass,  e  is  the  charge  of  an  electron,  e  is  the  static  dielectric  consent.  Eg  is  the 
fundamental  band-gap  of  the  wire  material,  and  =  (Ye  “  Y h  exciton 

cylindrical  radius  in  the  confined  directions. 

Even  for  this  relatively  simple  Hamiltonian  no  exact  solution  is  possible.  The 
envelope  function  is  then  chosen  to  be  a  trial  wave  function  in  a  variational  procedure: 


v|/  =  ^g^(x;Tix)cos(kyye)cos(kyyj^)ugHze)ujJ^(Zj^)  , 


where  gt(x;r|x)  is  a  Gaussian-type  "orbital"  function. 
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[5] 


in  which  is  the  e-h  variational  parameter  and  ky  =  7C  /L  • 

The  variational  parameter  y\^  is  determined  by  minimizing  the  expectation  value  of 
the  exciton  Hamiltonian  with  respect  to  ri^;  its  value  will  reflect  the  dimensions  of  the  wire 
and  specific  values  of  the  material  parameters  used.  The  only  components  of  the 
Hamiltonian  which  depend  on  are  the  kinetic  energy  of  relative  motion  and  the  e-h 
interaction  term.  Together,  they  define  the  exciton  binding  energyi^; 


and 


[6] 


Vet  =v(|xi  +  p^-pj)=(v|- 


(-)e" 


=k> 


e-y/x^  +p^ ' 

1  /•27C 


[7a] 


[7b] 


The  integrand  is  given  by 


I(Q,J  =  exp(Q,^/2V2)'[l-erf(Q,^/2V2)] ,  [8] 


where  erf  is  an  error  function.  The  factor  H^^  =  H^H^ ,  where 
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The  biexciton  Hamiltonian  is  considerably  more  complicated  since  it  involves  the 
interaction  of  four  particles.  The  kinetic  energy  operator  is 


[3=  3^  ' 

[3  ,  3 

d 

d 

rD 

(N  (N 

m; 

^2t>. 

■  a2  ■ 

2mc 

ay"  ayl. 

■  1  a' 

2m 

3yi  ^b. 

’  1  3’ 

2  dz 

mc(z)  3z_ 

2  az 

m^(z)  9z 

where  mj|  is  the  effective  mass  parallel  to  the  wire  axis,  and  the  potential  energy  is 


Electrochemical  Society  Proceedings  95-17 


98 


where  1  and  2  label  the  electron  coordinates,  and  a  and  b  label  the  hole  coordinates, 
x„p  =Xo  -Xp.  p„p  =  (Va  -yp)j  +  (Xa  -Zp)k.  “.P  =  ''  2.  a.  or  b. 

Since  it  is  not  possible  to  solve  a  four-body  problem  exactly,  again  a  variational 
approach  is  employed.  The  trial  wave  function  includes  the  HeUter-London  approximation 
for  the  e-h  pair  contributions  and  is  of  the  form^^ 

ba 

Ypjp  is  of  the  general  form  of  Eq.(4)  but  with  gtC^irix)  Siven  by 

Eq.(5),  but  not  normalized,  where  Tj^x  is  the  e-h  variational  parameter  within  the  excitonic 
molecule,  and  nomalized,  is  a  function  of  the  hole-hole 

variational  parameter  ^ .  S(Xjj^)  is  the  normalization  factor. 

The  final  expressions  for  the  expectation  values  of  both  the  kinetic  and  potential 
energies  are  long  and  complicated.  They  may  be  found  in  their  entirety  in  the  paper  by 
Madarasz  et  al.^^  What  is  important  for  the  present  work  is  just  their  functional  forms, 
which  are  represented  by  lf(  and  £P.  The  kinetic  energy  and  potential  energies  are 


[13] 


where  is  the  total  kinetic  energy  of  a  single  exciton,  and 


[14] 


where  the  I's  are  functions  of  and  ^ ,  and  each  is  made  up  of  two  terms  similar 

in  form  to  Eq.(8).  identical  to  Eq.(9),  but  with  T]^  =>  As  in  the 


Electrochemical  Society  Proceedings  95-17 


99 


case  of  the  single  exciton,  the  biexciton  Hamiltonian  must  be  minimized  with  respect  to  the 
variational  parameters  in  order  to  obtain  the  biexciton  binding  energy. 

Since  the  biexciton  wave  function  of  Eq.(12)  is  made  up  of  single  particle  states-- 
now  given  by  Eq.(4)”the  Al~graded  potential  will  also  affect  the  biexciton  binding  energy. 

2.2.  Nonlinear  Optical  Properties 

Pump-probe  spectroscopy  is  used  experimentally  to  extract  excitonic  optical 
nonlinearities  from  other  nonlinearities  in  semiconducting  materials.  We  restrict  our 
calculation  to  the  optical  nonlinearity  via  the  biexciton  state  arising  from  the  population 
saturation  of  the  exciton  state.  For  resonant  excitation,  the  expression  for  in  the 
RWA20  is  given  by  Ref.s  14-16.  However,  here  we  wish  to  investigate  the  frequency 
dependence  of  in  a  narrow  range  about  the  resonant  exciton  absorption  line.  The 
general  derivation  of  for  low  density  exciton/biexciton  systems  is  given  in  the 
appendix  of  our  previous  paper^^:  it  is  based  on  the  summation  over  sixteen  double 
Feynman  diagrams21>25  The  spurious  size  dependence  which  generally  accompanies  the 
derivation  of  for  a  local  two-level  system  has  been  eliminated  by  taking  into  account 
the  "Pauli  Exclusion  Principle",  that  is  one  physical  site  is  not  allowed  to  be  doubly 

excited2l>25 


In  the  frequency  range  of  interest,  the  lowest  lying  states  are  the  major  contributors 
to  Accordingly,  the  general  expression  reduces  to 


(-)2  1 

fHo'] 

fil 

1 
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Im^tOgo 
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\tl  ' 
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[15] 
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where  (O2  and  COi  are  the  pump-probe  frequencies,  respectively,  no  is  the  average  areal 
density  of  unit  cells,  mo  is  the  rest  mass  of  an  electron,  e  is  the  charge  on  an  electron,  Ep 
is  the  Kane  matrix  element  and  is  the  biexciton  binding  energy.  J  and  F..  are 

longitudinal  and  transverse  relaxation/broadening  parameters,  respectively.  The  ij  indices 
refer  to:  o-system  ground  state;  g-exciton  ground  state;  and  b-biexciton  ground  state. 
1/ Y=l/rii  is  the  population  decay  time  for  state  i,  and  l/F^  is  the  dephasing  or  lifetime  of 
the  coherent  superpositons  between  states  i  and  j.  Note  that,  if  all  the  transverse  relaxation 
parameters  are  assumed  to  be  equal,  the  model  reduces  to  the  independent  boson  model. 
Then,  when  the  biexciton  binding  energy  approaches  zero  so  does  the  third-order 
susceptibility,  because  of  the  first  bracketed  factor  in  Eq.(15),  as  it  should. 

3.  RESULTS  AND  DISCUSSION 

In  order  to  calculate  the  exciton  and  biexciton  binding  and  ground  state  energies  and 
optical  susceptibilities,  we  employed  the  physical  parameters  summarized  in  Table  I.  All 
parameters  needed  but  not  listed  in  Table  I  are  shown  on  the  figures. 

TABLE  I.  Physical  parameters  for  AIxGai-xAs 


x= 

0.0 

0.3 

1.512  eV  (a) 

1.899  eV  (a) 

ml= 

0.450  mo 

0.576  mo 

0.067  mo 

0.092  mo 

m||=0.027rap(Ref.s  4and  14) 

e=12.5 

no=7.89  X  10i4/cm2 

Ep=23.0  eV 

(a)  E°(x)=:1.512+1.155x+0.37x2 

The  A1  interdiffusion  in  the  lateral  direction  requires  a  numerical  solution  to  Eq.(2) 
for  the  single  particle  electron  and  hole  states.  As  a  part  of  this  numerical  approach  one 
must  search  for  the  integration  range,  i.e.,  numerical  infinity,  in  which  the  wave  function 
appropriately  tends  to  zero  and  yields  the  correct  corresponding  eigenvalue:  this  must  be 
done  for  every  set  of  cross  sectional  dimensions  and  for  each  characteristic  Al-grading 
width  2C.  In  turn,  the  values  of  the  three  variational  parameters  are  changed;  one  must 


Electrochemical  Society  Proceedings  95-17 


101 


further  search  for  an  acceptable  starting  value  of  the  exciton  variational  parameter  in  order 
to  start  the  minimization  process.  Needless  to  say,  the  whole  process  is  time  consuming. 
Thus,  we  have  limited  our  dimensional  parametric  study  to  the  smallest  grading,  C=W/16, 
corresponding  to  an  almost  abrupt  junction.  And,  for  illustrative  purposes  we  have  limited 
ourselves  to  one  set  of  wire  dimensions-LxW=125x75  A2-and  four  characteristic 
diffusion  lengths-C=W/16,  W/8,  W/4.  W/2.  This  particular  set  of  wire  dimensions  was 
chosen  because  it  is  on  the  order  of  the  bulk  exciton  radius  and  corresponds  to  a  peak  third- 
order  optical  susceptibility  calculated  for  the  infinite  barrier  model.  The  results  of  the 
electronic  part  of  the  calculation  are  summarized  in  Fig.  1  and  Tables  H,  III,  and  IV. 

In  Fig.  1  we  compare  the  exciton  and  biexciton  binding  energies  when  calculated 
with  finite  band  offset  potentials  and  with  infinite  potentials  in  a  square,  L=W,  wire.  The 
exciton  energies  are  plotted  with  blackened  triangles  (A)  and  plus  signs  (+)  representing 
infinite  potential  barriers  and  finite  band  offset  potential  barriers,  respectively.  The 
biexciton  energies  are  plotted  with  blackened  squares  (♦)  and  x's  (X)  representing  infinite 


no.  1  Exciion/biexciton  (Ej/E^)  binding  energies  in  square 
GaAs/Alo.3Gao.7As  quantum  wires,  with  and  without  finite  band  offset 
potentials  included. 
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potential  barriers  and  finite  band  offset  potential  barriers,  respectively.  In  the  case  of  the 
infinite  potential  barriers,  as  L=W  approaches  zero,  both  exciton  and  biexciton  binding 
energies  tend  to  infinity  as  would  be  expected  in  analogy  to  the  one-dimensional  hydrogen 
atom^^’l^.  However,  when  finite  band  offsets  and  wave  function  barrier  penetration  are 
included,  even  for  just  one  dimension,  dramatic  effects  are  seen,  especially  at  the  smaller 
dimensions.  For  example,  at  L=W=25  A  the  percent  differences  before  and  after  the  finite 
band  offsets  have  been  included  are  44.8%  and  45.4%  for  the  exciton  and  biexciton, 
respectively. 

The  roll-over  of  both  curves  at  the  smaller  dimensions  is  reminiscent  of  a  quasi- 
bidimensional,  a  quantum  well,  system  with  finite  band  offsets.  The  binding  energy  of  the 
exciton  first  increases  with  decreasing  dimension.  However,  when  either  particle 
possesses  a  confinement  energy  which  is  close  to  the  height  of  its  respective  band  offset 
potential  barrier  the  bidimensional  character  is  lost  and  the  binding  energy  begins  to 
decrease.  In  the  present  case  it  is  the  unidimensional  character  which  is  lost.  For  the 
10x10  A2  wire,  the  single  particle  electron  and  hole  ground  state  energies  in  the  direction  of 
the  finite  band  offsets,  are  186.9  meV  and  91.3  meV,  respectively.  These  are  comparable 
to  the  respective  conduction  and  valence  band  offsets  of  232  meV  and  155  meV. 

In  Tables  n  and  III  we  compare  the  exciton  and  biexciton  binding  energies  when 
calculated  with  finite  band  offset  potentials  and  with  infinite  potentials  in  a  rectangular, 
Lt^W,  wire.  Table  li  features  the  holding  of  L,  the  strong  confinement  dimension,  fixed 
and  the  varying  of  W,  the  dimension  of  the  finite  band  offset  potentials.  On  the  other  hand. 
Table  Hi  holds  W  fixed  and  varies  L.  In  each  table,  the  varied  dimension  >:  the  fixed 
dimension.  The  binding  energy  percent  difference  is  simply:  %  diff.=lfinite-infinitel/finite. 
The  general  trend  in  either  table  is  obvious:  the  larger  the  dimensions  the  smaller  the  percent 
difference. 

Another  general  observation,  between  the  two  tables,  is  that  for  any  set  of 
dimensions,  LxW,  larger  (one  or  both)  or  equal  to  50x50  A^  the  corresponding  percent 
differences  are  comparable  to  within  a  few  tenths.  The  implication  is  dear-while  wave 
function  penetration  is  important  in  lowering  the  binding  energy  it  is  not  significant 
enough,  at  least  for  ground  state  energies,  to  affect  the  results  whether  L<W  or  L>W. 
Conversely,  for  any  set  of  dimensions  in  which  one  (or  both)  is  smaller  than  or  equal  to  25 
A  the  corresponding  percent  differences  are  not  comparable.  Here,  L<W  results  in  a 
significant  difference  between  the  binding  energies  than  when  L>W  within  the  set.  Finally, 
it  appears  that  for  the  larger  dimensions,  nominally  400  A  and  above,  wave  function 
penetration  is  insignificant,  at  least  for  the  ground  state  energies,  and  the  infinite  potential 
model  may  be  used  in  both  confinement  directions. 
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TABLE  n.  Exciton/biexciton  binding  energies  (Eg  /E^ )  in 
GaAs/Alo  3Gao.7As  quantum  wires  of  various  dimension, 
L<W,  with  and  without  finite  band  offset  potentials 
included. 


Wire  Exclton  %  Biexciton  % 

Dimensions  Binding  Energy  Diff.  Binding  Energy  Diff. 
(meV)  (meV) 


L  (A) 

W  (A) 

Finite 

Infinite 

10 

10 

21.78 

47,56 

10 

25 

23.58 

36.84 

10 

50 

20.89 

28.15 

10 

75 

18.38 

23.40 

10 

100 

16.51 

20.25 

10 

125 

15.08 

18.11 

10 

150 

13.90 

16.43 

25 

25 

21.38 

30.96 

25 

50 

19.27 

25.06 

25 

75 

17.17 

21.42 

25 

100 

15.55 

18.89 

25 

125 

14.29 

17.00 

25 

150 

13.23 

15.52 

50 

50 

17.10 

21.39 

50 

75 

15.49 

18.85 

50 

100 

14.20 

16.95 

50 

125 

13.16 

15.47 

50 

150 

12.26 

14.27 

75 

75 

14.17 

16.93 

75 

100 

13.10 

15.44 

75 

125 

12.23 

14.23 

75 

150 

11.47 

13.24 

100 

100 

12.20 

14.22 

100 

125 

11.45 

13.22 

100 

150 

10.78 

12.37 

125 

125 

10.78 

12.37 

125 

150 

10.19 

11.64 

150 

150 

9.678 

11.00 

200 

200 

8.091 

9.091 

250 

250 

7.008 

7.807 

300 

300 

6.168 

6.874 

Finite  Infinite 


118.4 

15.15 

33.32 

119.9 

56.2 

16.36 

25.55 

56.2 

34.8 

14.50 

19.48 

34.3 

27.3 

12.78 

16.22 

26.9 

22.7 

11.51 

13.96 

21.4 

20.1 

10.54 

12.61 

19.7 

18.2 

9.73 

11.46 

17.8 

44.8 

14.64 

21.29 

45.4 

30.1 

13.19 

17.19 

30.3 

24.8 

11.75 

14.66 

24.8 

21.5 

10.64 

12.93 

21.6 

18.9 

9.78 

11.62 

18.9 

17.3 

9.05 

10.61 

17.2 

25.1 

11.45 

14.64 

27.9 

21.7 

10.58 

12.88 

21.8 

19.4 

9.690 

11.58 

19.5 

17.5 

8.984 

10.57 

17.7 

16.4 

8.373 

9.755 

16.5 

19.5 

9.664 

11.57 

19.7 

17.8 

8.935 

10.54 

18.0 

16.4 

8.343 

9.707 

16.4 

15.5 

7.820 

9.030 

15.5 

16.6 

8.313 

9.710 

16.8 

15.4 

7.806 

9.023 

15.6 

14.8 

7.352 

8.447 

14.9 

14.7 

7.348 

8.440 

14.9 

14.2 

6.948 

7.931 

14.1 

13.6 

6.595 

7.506 

13.8 

12.4 

5.516 

6.207 

12.5 

11.4 

4.781 

5.335 

11.6 

11.5 

4.211 

4.702 

11.7 
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TABLE  in.  Exciton/biexciton  binding  energies  (Eg  /E” )  in 
GaAs/Alo  3Gao.7As  quantum  wires  of  various  dimension, 
L>W,  with  and  without  finite  band  offset  potentials 
included. 


Wire  Exciton  %  Biexciton  % 

Dimensions  Binding  Energy  Diff.  Binding  Energy  Diff. 
(meV)  (meV) 


L  (A) 

W  (A) 

Finite 

Infinite 

Finite 

Infinite 

10 

10 

21.78 

47.56 

118.4 

15.15 

33.32 

119.9 

25 

10 

19.87 

36.84 

85.4 

13.61 

25.55 

87.7 

50 

10 

17.46 

28.15 

61.2 

11.93 

19.48 

63.2 

75 

10 

15.69 

23.40 

49.1 

10.71 

16.22 

51.4 

100 

10 

14.32 

20.25 

41.4 

9.775 

13.96 

42.9 

125 

10 

13.23 

18.11 

36.9 

9.022 

12.61 

39.7 

150 

10 

12.32 

16.43 

33.4 

8.402 

11.46 

36.4 

25 

25 

21.38 

30.96 

44.8 

14.64 

21.29 

45.4 

50 

25 

18.61 

25.06 

34.7 

12.72 

17.19 

35.1 

75 

25 

16.61 

21.42 

29.0 

11.34 

14.66 

29.3 

100 

25 

15.08 

18.89 

25.3 

10.29 

12.93 

25.7 

125 

25 

13.86 

17.00 

22.7 

9.454 

11.62 

23.0 

150 

25 

12.86 

15.52 

20.7 

8.772 

10.61 

21.0 

50 

50 

17.10 

21.39 

25.1 

11.45 

14.64 

27.9 

75 

50 

15.46 

18.85 

21.9 

10.55 

12.88 

22.2 

100 

50 

14.16 

16.95 

19.7 

9.659 

11.58 

19.9 

125 

50 

13.11 

15.47 

18.0 

8.937 

10.57 

18.3 

150 

50 

12.23 

14.27 

16.7 

8.338 

9.755 

17.0 

75 

75 

14.17 

16.93 

19.5 

9.664 

11.57 

19.7 

100 

75 

13.10 

15.44 

17.9 

8.928 

10.54 

18.1 

125 

75 

12.20 

14.23 

16.6 

8.318 

9.707 

16.7 

150 

75 

11.45 

13.24 

15.7 

7.803 

9.030 

15.7 

100 

100 

12.20 

14.22 

16.6 

8.313 

9.710 

16.8 

125 

100 

11.43 

13.22 

15.7 

7.789 

9.023 

15.8 

150 

100 

10.77 

12.37 

14.9 

7.341 

8.447 

15.1 

125 

125 

10.78 

12.37 

14.7 

7.348 

8.440 

14.9 

150 

125 

10.20 

11.64 

14.1 

6.952 

7.931 

14.1 

150 

150 

9.678 

11.00 

13.6 

6.595 

7.506 

13.8 

200 

200 

8.091 

9.091 

12.4 

5.516 

6.207 

12.5 

250 

250 

7.008 

7.807 

11.4 

4.781 

5.335 

11.6 

300 

300 

6.168 

6.874 

11.5 

4.211 

4.702 

11.7 

With  reference  to  Table  IV,  we  first  note  that  the  inclusion  of  finite  band  offsets 
lowers  both  electron  and  hole  single  particle  subband  energies  for  the  narrowest  grading 
(almost  abrupt),  W/16,  giving  approximately  61%  difference  for  the  electron  and  35% 
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difference  for  the  hole.  And,  of  course  this  is  precisely  what  is  expected  to  happen.  Fixing 
our  attention  on  just  the  electron  states  for  the  moment,  we  see  that,  by  increasing  the 
diffusion  length  from  W/16  to  W/8  and  then  from  W/8  to  W/4,  the  subband  energies  rise. 
The  reason  for  this  trend  is  clear  especially  when  we  consider  the  graded  well  structure:  as 
the  diffusion  width  is  increased  the  bottom  of  the  well  narrows  pushing  the  states  up. 
However,  when  increasing  the  diffusion  length  from  W/4  to  W/2 


TABLE  IV 

Infinite  Potential  Results 
vs. 

Finite  Graded  Potential  Results 
(GaAs  Wire  -  -  Al.  jGa,  ,As  Cladding)* 

L  X  W  =  125  X  75  A 


Infinite 

W/16* 

W/8* 

W/4* 

W/2* 

ej(meV) 

99.75 

38.67 

41.69 

51.38 

47.24 

e|'(incV) 

14,85 

9.66 

11.11 

16.73 

16.76 

ti,k) 

362.20 

395.45 

393.58 

389.95 

395.12 

Eg(meV) 

-14.23 

-12.27 

-12.35 

-12.54 

-12.29 

V,fc(nieV) 

-19.69 

-16.85 

-16.97 

-17.25 

-16.88 

E*(.v) 

1.662 

1.597 

1.602 

1.617 

1.668 

^(So) 

1024.43 

1116.79 

1111.62 

1101.55 

1115.88 

Tl„(a„) 

293.38 

320.36 

318.86 

313.96 

318.09 

E^^meV) 

-9.71 

-8.36 

-8.42 

-8.55 

-8.38 

V^^meV) 

-53.61 

-45.88 

-46.22 

-46.97 

-45.97 

E“(eV) 

3.31 

3.186 

3.195 

3.225 

3.328 

z(o.oi 

)  (A) 

97.00 

99.00 

100.00 

115.00 

z(o.oiuj;u* 

)  (A) 

61.00 

62.00 

63.00 

69.00 

a.  Band  Otisets-0.6  Conduction.  0.4  Valence 
*  1/2  AI  Grading  Width 
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the  trend  appears  to  be  reversed.  The  cause  of  this  reversal  is  also  clear;  the  well  is  now 
"over  graded".  That  is,  under  this  condition,  there  is  enough  A1  concentration  located  at 
the  center  of  the  well  to  change  the  fundamental  gap  from  that  of  pure  GaAs  to  some 
percentage  AlGaAs-the  gap  is  increased  and  the  well,  as  it  rises,  begins  to  flatten  out. 
Relative  to  the  bottom  of  the  graded  well  the  subband  energy  has  indeed  become  smaller, 
but  relative  to  the  bottom  of  the  GaAs  well  has  continued  to  rise.  In  fact,  as  the  fraction  of 
A1  in  the  center  of  the  graded  well,  approaches  x=0.3  the  subband(s)  coalesces  at  the 
bottom  of  the  well  and  form  the  conduction  band  in  bulk  AIGaAs;  the  lowering  of  subband 
energies  is  to  be  expected. 

A  similar  argument  can  be  made  for  the  hole  subband  energies.  However,  it  is 
apparent  from  Table  IV  that,  when  the  diffusion  length  reaches  W/4  the  subband  energy 
exceeds  that  of  the  infinite  barrier  model.  The  cause  of  such  a  result  is  not  totally 
unexpected.  The  barrier  height  for  the  holes  is  two  thirds  of  that  for  the  electrons.  This 
means  that  the  corresponding  Al-grading  of  the  valence  band  produces  a  well  which  is 
narrower  for  z<W/2  and  wider  for  z>W/2  than  that  of  the  conduction  band.  One  then 
expects  a  larger  percentage  increase  in  energy  for  the  lower-lying  hole  subbands  bands. 
For  example,  changing  the  diffusion  length  from  W/8  to  W/4  produces  about  a  19% 
increase  in  the  electron  subband  energy  and  about  a  34%  increase  in  the  hole  subband 
energy. 


The  exciton  and  biexciton  binding  energies  are  lowered  with  the  inclusion  of  the 
finite  band  offsets  by  approximately  14%  for  the  smallest  diffusion  length  of  W/16.  The 
evolution  of  their  respective  values  with  increasing  Al-grading  width  can  easily  be 
explained  in  terms  of  the  arguments  given  above  for  the  electron  and  hole  subbands. 
Similarly,  the  exciton  and  biexciton  ground  state  energies  are  lowered  with  the  inclusion  of 
the  finite  band  offsets.  Since  each  is  dominated  by  the  fundamental  band  gap  energy,  their 
change  is  rather  small,  both  being  approximately  4%  for  the  smallest  diffusion  length  of 
W/16.  Because  of  such  a  small  change  in  the  exciton  ground  state  energy,  the  effect  on  the 
magnitude  of  optical  susceptibility  is  negligible.  However,  at  higher  densities  of  excitons 
and  biexcitons  than  considered  here,  the  lower  binding  energies  do  affect  the  stability  of  the 
system  and  will  thus  limit  the  operational  conditions  under  which  peak  values  may  be 
obtained  and  maintained. 

The  structure  in  is  a  strong  function  of  the  values  of  the  longitudinal  and 
transverse  relaxation  parameters.  These  parameters  are  quite  difficult  to  obtain  accurately 
by  experiment  and  there  are  no  first  principles  theoretical  models  of  which  we  are  aware. 
In  addition,  they  are  probably  strong  functions  of  the  confinement  dimensions  as  well  as 
the  population  density  of  the  excitons  and  temperature.26.27  Consequently,  some 
researchers  have  chosen  them  to  be  equal-for  example.  Ref’s.  18  and  19-while  some 
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have  used  them  as  fitting  parameters-for  example,  Ref.'s  17  and  19.  There  is,  however, 
good  reason  to  believe  that  the  longitudinal  parameter  is  perhaps  as  much  as  an  order  of 
magnitude  smaller  than  the  transverse  parameters^'7,20.  Accordingly,  for  comparison,  we 
have  calculated  for  values  7=0.1  To  and  all  ,  and  for  7=r^  =  ro  ,  where 

VI  Fo  corresponds  to  the  full  width  at  half  max  (FWHM)  of  the  gaussian  representing  the 
exciton  linear  absorption. 

In  figures  2-7  we  have  calculated  for  a  two  beam  experiment  in  which  one 

beam,  the  pump,  is  fixed  and  the  other,  the  probe,  is  allowed  to  vary  over  a  frequency 
range  in  which  the  pump  is  fixed.  Specifically,  in  figures  2  and  3  the  pump  is  fixed  right 
on  the  exciton  resonance,  and  in  figures  4  and  5,  and  6  and  7,  the  pump  is  detuned  from 
the  exciton  resonance  by  -f-V^^Fo  /  2  and  -V^Fo  /  2 ,  respectively.  The  abscissas  on  all 
plots  are  in  dual  energy  units:  on  top  are  the  more  conventional  meV  units,  and  on  the 
bottom  are  the  FWHM  units  of  V^Fo  .  We  have  chosen  the  FWHM  units  in  order  to  give 
a  measure  of  the  relative  strengths  of  the  optical  susceptibility  and  exciton  absorption.  The 
peak  value  of  exciton  absorption  for  all  plots  given  here  is  1.94x10^  crn'l.  Figures  2,  4 
and  6  have  values  of  7=0. iFo  ,  while  figures  3,  5  and  7  have  values  of  7=Fjy  =  Fo  . 
Note  that  — ImX^^^  is  proportional  to  -Aa  the  differential  change  in  optical  transmission. 

In  comparing  figures  2  with  3,  4  with  5,  and  6  with  7  it  is  immediately  apparent 
that  2,  4  and  6  all  posses  a  rather  abrupt,  narrow  negative  peak  for  probe  energies  near  or 
equal  to  the  pump  energies.  The  genesis  of  these  peaks  may  be  directly  traced  back  to  the 
l/[C0r-C0  +17]  factor  in  Eq.(15)  for  the  susceptibility.  When  X^^^  is  separated  into  real 
and  imaginary  parts,  this  factor  leads  to  a  resonance  factor  in  both  parts  which  goes  as 
l/[((Or-CO  )2+7l].  CO2  corresponds  to  the  pump  and  the  index  r  on  COr  is  summed  over 
values  of  I  (probe)  and  2.  Since  CO^  is  the  probe,  it  is  varied,  and,  when  in  resonance  witii 
CO  ,  the  resonance  factor  becomes  dominant  (in  the  RWA  the  third  line  of  Eq.(15)  is 
negligible  compared  to  the  first  two  lines).  Its  strength,  however,  is  extremely  sensitive  to 
the  magnitude  of  7:  when  7=0. 1  Fo  its  strength  is  lO^,  or  two  orders  of  magnitude  larger 
then  when  7=Fo  ,  as  is  the  case  in  figures  3,  5  and  7.  Physically,  7  is  related  to  the 
population  decay  rate  of  the  exciton  state.  A  smaller  7,  then,  means  the  lifetime  of  the 
exciton  state  is  larger  and  that  the  exciton  system  is  more  stable.  In  turn,  there  is  a  higher 
probability  of  forming  an  excitonic  molecule  in  a  two-step  photon  absorption  process.  The 
resonance  spiking  is  only  significant  if  the  detuning  of  the  pump  lies  within  one  to  two 
FWHM  of  the  exciton  absorption  peak.  Note  that  in  figures  4  and  6  the  curves  tend  to  have 
a  relative  minimum  at  peak  exciton  absorption.  Of  course,  when  the  pump  is  in  resonance 
with  the  peak  exciton  absorption,  the  spiking  is  amplified  even  further  resulting  in  the  curve 
displayed  in  figure  2.  On  the  other  hand,  the  curves  displayed  in  figures  3,  5  and  7,  those 
for  which  7=Fo ,  show  no  sign  of  the  abrupt  spiking:  the  resonance  factor  is  now 
approximately  10  times  smaller  than  before.  The  larger  7  not  only  smears  out  the 
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Imx(3)  (IC'esu)  (esu) 


FIG.  2  The  imaginary  part  of  the  third-order  optical  susceptibility  as  a  function 
of  the  probe  energy  for  a  dual  beam  pump-probe  experiment.  The  pump  is  wt  at 
exciton  resonance  and  the  longitudinal  broadening  parameter  is  one-tenth  the 
value  of  the  transverse  broadening  parameters. 


FIG.  3  Same  as  figure  2  but  with  the  longitudinal  broadening  parameter  equal 
to  the  transverse  broadening  parameters. 
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x<?)  (10*'  esu)  x^-^)  (esu) 


ImxO)  (10'' esu)  Im  (esu) 


IiriX^^HcOprobe)  VS.  Eprobe  - 
(pump  is  detuned  from  the  exciton  resonance) 

Epump  =  Ego~^Fo 

=  1.597  eV 

Eg  =12.27  meV 

Eg*=8.36nieV 

Ep^-E*,  (meV) 

0.0  4.0  8.0  12.0  16.0 

-3.0  -2.0  -1.0 

0.0  Sio"  3.0  4.0 

Ep«be  -  EJo  (units  of^Vo) 

L  =  125A 

W  =  75A 

^  Diffusion  Width  =  ^  “  4.69A 

/  y=o.ir, 

1  rgo  =  rbo=rfc,g=r„=3mev 

^  =  FWHM  Absorpuon  Peak 

FIG.  6  Same  as  figure  4  but  with  the  pump  detuned  slightly  below  the  exciton 
resonance. 


FIG.  7  Same  as  figure  6  but  with  the  longitudinal  broadening  parameter  equal 
to  the  transverse  broadening  parameters. 
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resonance  spiking  but  it  reduces  the  overall  magnitude  of  each  curve  (note  the  scales 
of  these  curves  are  a  factor  of  10  times  smaller). 

The  negative  peak  in  all  of  these  spectra,  indicating  transmission,  is  due  to  a 
bleaching  (saturation)  of  the  one-pair  exciton  transition.  Physically,  the  initial  exciton 
population  created  by  the  pump  beam  tends  to  amplify  the  probe  beam,  by  way  of 
stimulated  emission,  when  the  probe  energy  is  tuned  at  or  near  the  exciton  linear  absorption 
peak. 


Another  feature  in  all  of  the  curves  is  the  optical  absorption-the  region  of  positive 
The  absorption  may  be  attributed  to  the  foimation  of  the  excitonic  moleculei7-l9. 
The  initial  exciton  population  enables  the  probe  to  be  more  strongly  absorbed  when  its 
energy  matchs  the  exciton-biexciton  transition  energy,  In  the  present  case, 

the  biexciton  binding  energy  is  8.36  meV.  The  maximum  of  each  curve  occurs  at  energies 
slightly  greater  than  =  -9.3  meV,  in  other  words,  very  near  the  biexciton 

binding  energy.  Calculations  for  a  wire  of  dimensions  LxW=225xl75  substantiate  this 
interpretation.  In  that  calculation,  the  biexciton  binding  energy  was  -5.55  mcV,  and  the 
maxima  of  the  ImX^^^  curves  occurred  at  energies  slightly  less  than  -1.3xV^ro  =  -6.61 
meV. 


In  the  last  two  plots,  figures  8  and  9,  we  show  typical  curves  for  a  single  beam 
pump-probe  experiment,  where  Y=0.1  To  and  J^To  ,  respectively.  Since  the  pump  and 
probe  beams  are  always  in  resonance,  the  factor  l/[(C0r-C02)^+Y^l  becomes  just  l/y^’ 
which  is  constant,  and  it  now  acts  to  modulate  the  magnitude  of  ImX^^>.  Both  curves 
exhibit  similar  structure  but,  as  expected,  the  curve  for  which  Y=0.1  To  is  approximately 
an  order  of  magnitude  larger. 


4.  SUMMARY 

We  have  solved  the  exciton/biexciton  binding  energy  problem  in  a  three  parameter 
variational  calculation  in  the  effective  mass  approximation  for  a  rectangular  GaAs  quantum 
wire  surrounded  by  Alo.3Gao.7As  cladding  material  with  finite  A1  graded  band  offsets 
included.  For  the  biexciton  part  of  the  problem,  we  employed  a  Heitler-London-type  wave 
function. 

Because  of  the  inclusion  of  the  graded  finite  band  offsets,  the  single  particle  states 
which  make  up  the  exciton/biexciton  envelope  functions  had  to  be  obtained  numerically. 
For  illustrative  purposes  we  limited  ourselves  to  one  set  of  wire  diraensions-LxW=  125x75 
A2-and  four  characteristic  diffusion  lengths-C=W/16,  W/8,  W/4,  W/2.  We  then 
compared  the  single  particle  and  exciton/biexciton  binding  energies  results  with  those  of  the 
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Imx(3)  (10'*  esu)  Imx^^Mesu) 


FIG.  8  The  imaginary  part  of  the  third-order  optical  susceptibility  as  a  function 
of  the  energy  for  a  single  beam  pump-probe  experiment.  The  longitudinal 
broadening  parameter  is  one-tenth  the  value  of  the  transverse  broadening 


FIG.  9  Same  as  figure  8  but  with  the  longitudinal  broadening  parameter  equal 
to  the  transverse  broadening  parameters. 
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previous  calculation  with  infinite  potential  barriers  by  Madarasz  et  al.  14-16  All  energies 
were  lowered  with  the  inclusion  of  the  finite  band  offsets.  For  the  narrowest  grading,  we 
found  a  percent  difference  of  approximately  61%  for  the  electron  ground  state  subband 
energy,  while  for  the  hole  it  was  approximately  35%.  The  exciton  and  biexciton  binding 
energies  were  both  reduced  by  approximately  14%.  As  the  grading  widths  increased,  so 
did  all  energies;  because  as  the  diffusion  width  is  increased  the  bottom  of  the  well  narrows 
pushing  the  states  up. 

Next,  we  applied  the  results  of  the  exciton/biexciton  calculation  to  obtain  the 
nonlinear  optical  susceptibility  Unlike  our  previous  workl4-l6,  in  which  we 

calculated  only  peak  values  of  I  Im  3)  |  for  resonant  exciton  absorption  using  the 
RWA,  here  we  studied  ImX^^^  as  a  function  of  pump-probe  frequencies  in  a  narrow  range 
about  the  exciton  resonant  absorption.  To  do  so,  we  used  the  general  expression  derived  in 
the  appendix  of  our  previous  paper  via  a  double  Feynman  diagram  method ^  :  sixteen 
diagrams  all  total.  We  then  reasoned  that  near  resonance  the  ground  states  of  the  exciton 
and  biexciton  would  be  the  major  contributors  to  X^^^-  Accordingly,  we  simplified  the 
general  expression,  retaining  only  ground  state  terms. 

With  the  resulting  expression,  we  calculated  values  for  ImX^^^  as  a  function  of  the 
pump  and  probe  frequencies  for  dual  and  single  beam  experiments.  In  each  case,  we 
repeated  the  calculation  using  two  different  sets  of  relaxation  parameters:  y =0. 1  To  and  all 
r-  =ro  ;  and  for  =ro  .  We  found,  in  general,  the  structure  of  the  hnX^^^  curves 

to%e  strongly  dependent  on  the  values  of  relaxation  parameters  used.  Specifically,  in  the 
present  calculation,  we  found  the  overall  magnitude  and  structure  of  the  curves  to  be  a 
strong  function  of  the  longitudinal  relaxation  parameter,  y  The  smaller  value  of  y ,  i.e., 
the  longer  mean  lifetime  of  the  exciton,  gave  results  which  were  systematically  about  an 
order  of  magnitude  larger  than  when  the  larger  value  of  y  was  used,  and  considerably 
enhanced  the  resonance  when  the  probe  equaled  the  pump  in  the  dual  beam  case,  which 
was  especially  dramatic  when  the  pump  was  slightly  detuned  from  the  exciton  resonance. 
The  maximum  values  of  the  resulting  I  ImX^^^I’s  were  on  the  order  of  lO-2-lO-i  esu. 

A  feature  of  all  the  curves  was  a  region  of  positive  ImX^^^  for  energies  below  the 
exciton  saturation.  The  optical  absorption  was  attributed  to  the  biexciton  formation.  This 
absorption  region  was  also  of  considerable  magnitude  but  was  displaced  within  one  to  two 
FWHM  below  the  exciton  resonance  absorption  peaking  at  approximately  the  exciton- 
biexciton  transition  energy. 
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Abstract 

In  this  paper,  we  have  calculated  the  binding  energies  of  biexcitons 
(excitonic  molecules)  in  a  semiconductor  quantum  wire  subjected  to  a 
magnetic  field.  A  magnetic  field  squeezes  the  individual  electron  and 
hole  wave  functions  thereby  increasing  the  biexciton  binding  energy. 

The  increase  in  the  binding  energy  can  lead  to  enhanced  third  order 
non-linear  susceptibilities  and  therefore  improved  non-linear  optical 
properties. 

I.  Introduction 

The  physics  of  biexcitons  in  quantum  wires  is  an  important  topic  of  re¬ 
search  since  these  entities  contribute  directly  to  the  giant  third-order  non¬ 
linear  susceptibility  in  quasi  one-dimensional  systems. The  large  non-linear 
susceptibility  arises  from  a  constriction  of  phase  space  (one  dimensional  con¬ 
finement)  in  quantum  wires.  A  magnetic  field  causes  further  confinement  of 
the  biexciton  thereby  leading  possibly  to  enhanced  non-linear  susceptibility. 

In  this  paper,  we  present  variational  calculation  of  the  biexciton  binding 
energies  in  a  rectangular  quantum  wire  subjected  to  a  magnetic  field.  First, 
we  present  the  theory,  then  the  results,  and  finally,  the  conclusions. 

II.  Theory 

Our  prototypical  system  consists  of  a  quantum  wire  of  rectangular  cross- 
section  where  x  is  the  free  (unconfined)  direction  and  y  and  z  are  confined 
directions  (see  the  inset  of  Fig.  1).  We  assume  infinite  potential  barriers 
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located  along  the  confinement  directions  at  y  =  d:L/2  and  z  =  ±L/2.  A 
magnetic  field  is  applied  along  the  z  direction. 

We  choose  the  Landau  gauge 

A  =  (-By,  0,0), 


where  B  is  the  z  directed  magnetic  flux  density.  For  nondegenerate  and 
isotropic  bands,  the  Hamiltonian  of  the  biexciton  subjected  to  a  magnetic 
field  is  given  in  the  envelope-function  approximation  by 


Hxx 


Iruh 

WB^{yl  +  yl)  -  2eB(yip;i  +  y2Pl,)\ 

2me 


[e^B^(yf  +  y^)  +  2eB{yaPl^  +  ybPxj]  +  Vcouiomh  +  Kim/,  (1) 

2mh 


where  Kon/  is  the  confinement  potential  along  the  y-  and  z-direction,  and 
Vcouiomb  is  the  Coulomb  interaction  between  various  charged  entities.  The 
electron  coordinates  are  labeled  by  the  numerics  1  and  2  while  hole  coordi¬ 
nates  are  labeled  by  the  letters  a  and  6.  In  Equation  (1)  we  neglected  the 
Zeeman  splitting  since  the  effective  Lande  factor  in  most  semiconductors  is 
quite  small  (g=-0.445  in  GaAs  so  that  the  Zeeman  splitting  is  only  0.26  meV 
at  10  tesla).  Additionally,  we  neglect  polariton  effects. 

Because  the  trial  wave  function  for  the  biexciton  will  be  written  in  terms 
of  the  electron-hole  and  hole-hole  separations,  it  is  convenient  to  use  the 
following  relative  and  center-of-mass  coordinates: 


—  Xa 
X2t  =  X2  —  Xj, 

Xab  — 

X  =  [me(xi  -f  332)  +  rnh{xa  +  a:6)]/2(me  +  rrih) 

To  re-write  the  biexciton  Hamiltonian  in  the  new  coordinate  system,  we 
utilize  the  usual  canonical  transformations  for  the  momentum  operators.  We 
also  drop  the  kinetic  energy  operators  associated  with  the  center-of-mass 
motion  since  the  Hamiltonian  is  invariant  in  X  so  that  Px  is  a  good  quantum 
number.  We  are  only  interested  in  solving  for  the  biexcitonic  states  which  can 
be  accessed  optically  and  under  optical  excitation  the  center-of-mass  motion 
can  be  neglected  since  the  photon  momentum  is  too  small  to  create  states 
of  significant  center-of-mass  kinetic  energy.  Consequently,  the  transformed 
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Hamiltonian  becomes 


2^1^  dx\^  dxlJ  ruhdxl^,  dxiadxah 
2m/5yi2  ^  ay2^  ^  92,“  ^  dz2'‘' 

_iL(JL+^  + 

2mhdyJ  dyb^  dza^  dzb^ 
^e-^B^^yUyl  ^  yg  +  yg 


+ 


dx2hd^ab 


) 


)  +  ■ 


2  ''  me  '  mfc  “'  '  me  ^^a^ia  ^^dx2h 

eBih,  a^  ,  ,  a^  a^  ,  _ 

H - - ^  ~  ax ^  ^o«io»nfc  +  Kon/2) 


mfc 


The  Coulomb  interaction  term  in  Eq.  (2)  is  given  by 


Vcoulomb  —  .  { 


(-1) 


=  + 


(-1) 


(-1) 


\/®L+^  y/xlb-^rff, 


+ 


(-1) 


:+  ■ 


:+. 


where 


V^L+^  y/^lb  +  ^lb  \fA2TA2 

=  (2/«  -  ^7)^  +  (^a  -  ^7)^ 


}, 


(3) 


®a,7  —  X(x  Xy, 

with  a,  7  =  1, 2,  a,  6,  and  a  7^  7. 

Direct  numerical  evaluation  of  the  eignefunctions  of  the  Hamiltonian  op¬ 
erator  in  Equation  (2)  is  computationally  burdensome.  Therefore,  we  employ 
a  variational  approach  as  in  Ref.  [2-5].  The  choice  of  the  variational  wave- 
function  is  dictated  by  many  considerations.  For  instance,  in  the  regime  of 
wealc  quantum  confinement,  where  the  lateral  dimensions  iy,,  of  the  wire 
are  much  larger  than  the  effective  Bohr  radius  of  a  free  exciton,  one  may 
apply  the  “free  boson”  model  to  determine  the  different  electron-hole-pair 
states.  The  “free  boson”  model  is  based  on  the  Heitler- London  approxima¬ 
tion  in  which  the  biexciton  wave  function  is  written  as  a  linear  combination 
of  atomic  orbitals  in  analogy  with  the  hydrogen  molecule.  The  linear  com¬ 
bination  is  chosen  to  be  symmetric  in  space  so  that  it  corresponds  to  the 
singlet  state  which  is  known  to  be  lower  in  energy  than  the  triplet  state. 

In  the  regime  of  strong  quantum  confinement,  Ly,,  are  much  smaller  that 
the  effective  Bohr  raduis  a^.  In  this  case,  the  confinement  energy  is  the 
dominant  energy  contribution.  Electrons  and  holes  are  confined  separately, 
and  the  Coulomb  potential  may  be  neglected  in  comparison  with  the  large 
kinetic  energy  caused  by  the  strong  confinement.®  However,  we  are  primarily 
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interested  in  the  regime  of  moderate  quantum  confinement  (in  our  case  Ly  = 
50  ~  700 A  and  I,  =  100  -  300A  ).  Therefore,  we  have  to  come  up  with 
some  physically  realistic  trial  wave  function  which  would  allow  us  to  use 
the  Heitler-London  approach,  and  at  the  same  time  take  into  account  the 
difference  in  the  motion  along  confined  and  “free”  directions.  We  achieve 
this  by  considering  the  electrons  and  holes  to  be  independently  quantized 
along  y  and  z  directions,  while  applying  the  Heitler-London  approximation 
along  X  direction.  Following  the  approach  in  Ref. [2,7]  we  choose  a  trial  wave 
function  as  a  singlet  state  with  the  electron-hole  pair  contributions  given  by 
the  Gaussian-type  “orbital”  functions: 


^  =  ^{V'laV’26  +  1p2ai)lb}Gab{Xab), 

(4) 

where 

tpa-f  =  5a7^c<(ya)Xa(2a)<^7(2/7)X7(^7)» 

(5) 

with 

9la  = 

(6) 

92b  = 

(7) 

92.  = 

(8) 

9ib  = 

(9) 

and 

G.,{xab)  = 

(10) 

in  which  t]  and  r  are  variational  parameters  and  5  is  a  normalization  constant. 
The  functions  XB,h{ze,h)  are  the  z-components  of  the  biexciton  wave  function 
which  are  not  affected  by  the  magnetic  field  (the  magnetic  field  is  oriented 
along  the  z-direction).  They  are  given  by  particle-in-a-box  states 

Xe,h{^c,h)  = 

The  electron  and  hole  wave  functions  along  the  y  direction,  <f>e,h{ye,h),  are  to 
be  calculated  numerically  when  a  magnetic  field  is  present.  This  is  done  by 
solving  the  Schrodinger  equation  directly  following  the  prescription  given  in 
Ref.  [8]. 

The  trial  wave  function  in  (4)  really  implies  that  the  “true”  wave  func¬ 
tion  is  more  sensitive  to  the  separation  between  the  holes  than  between  the 
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electrons.  Since  holes  have  higher  effective  masses,  this  assumption  is  phys¬ 
ically  realistic.®  The  trial  wave  function  (4)  is  probably  the  simplest  that 
can  be  chosen  while  still  preserving  the  principal  features  of  the  actual  wave 
function.  The  results  obtained  with  this  trial  function  can  be  checked  “a 
posteriori”  by  evaluating  the  zero-  magnetic  field  binding  energy  and  com¬ 
paring  it  with  binding  energy  calculated  by  other  methods  or  extracted  from 
experimental  data. 


Figure  1:  Expectation  value  of  the  exciton  (biexciton)  Hamiltonian  as  a  func¬ 
tion  of  the  electron-hole  (hole-hole)  variational  parameter  -q  (r).  The  abscissa 
is  dual:  the  lower  part  represents  hole-hole  separation  r  and  corresponds  to 
the  expectation  value  of  the  biexciton  functional;  the  upper  part  represents 
electron-hole  separation  q  and  corresponds  to  the  expectation  value  of  the 
exciton  functional.  Thickness  of  the  wire  along  the  z-direction  is  200A. 

The  biexciton  binding  energy  is  given  by  the  relationship 

—  min  <  >  -2mm  <  >,  (12) 

where  min  <  >  is  found  by  minimizing  the  expectation  value  of 

the  Hamiltonian  with  respect  to  the  hole-hole  variational  parameter 
T,  min  <  >  is  found  by  minimizing  the  expectation  value  of  the 

exciton  Hamiltonian  with  respect  to  the  electron-hole  variational  parameter 
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r).  The  latter  quantity  was  calculated  by  us  previously  over  a  range  of  wire 
widths  and  magnetic  fields>°-“  As  it  was  pointed  out  by  Klepfer  et 
introduction  of  a  third  variational  parameter,  which  allows  for  relaxation  of 
the  electron-hole  pair  within  the  biexciton,  would  not  seriously  change  the 
biexciton  binding  energy  when  there  is  no  magnetic  field  present.  We  tacitly 
assume  that  the  same  is  true  when  a  magnetic  field  is  present. 


Figure  2:  Biexciton  binding  energy  as  a  function  of  wire  width  Ly  with  and 
without  magnetic  field.  The  thickness  along  the  z-direction  is  200  A, 

In  order  to  calculate  <  >,  we  have  calculated  all  required 

spatial  derivatives  of  the  trial  wave  function  analytically  and  evaluated  the 
integrals  over  all  spatial  coordinates  relevant  to  the  problem  numerically. 
The  Coulomb  term  was  treated  exactly  in  its  full  three-dimensional  form 
throughout  the  calculation.  The  evaluation  of  the  integrals  in  the  Coulomb 
term  is  not  straightforward  due  to  the  1/r  sinqularity.  Moreover,  since  some 
components  of  the  biexciton  wave  function  ( <^e,h{ye,h)  )  are  being  calculated 
numerically,  we  cannot  apply  Fourier  expansion  in  a  manner  similar  to  that 
in  Ref,  [2]  which  would  avoid  dealing  with  the  singularity.  Fortunately,  un¬ 
like  in  the  case  of  the  strictly  one- dimensional  case  considered  by  Banyai 
et  the  Coulomb  term  treated  in  its  full  three-dimensional  form  is  not 
problematic,  and  can  be  integrated  in  real  space  using  the  extended  (multi¬ 
dimensional)  definition  of  the  improper  integral  that  actually  exists  in  this 
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case.  The  integration  procedure  involved  evaluation  of  5D  and  7D  integrals 
in  real  space.  We  checked  for  the  convergence  of  the  integrals  by  setting 
all  but  the  free  coordinates  equal  to  zero  and  letting  relative  coordinates 
along  X  direction  gradually  approach  zero  over  a  hyper-sphere  in  order  to 
ensure  that  the  volume  element  goes  to  zero  faster  than  the  Coulomb  term 
singularity.  Details  will  be  reported  in  a  forthcoming  publication.  Note  that 
the  expectation  value  of  every  imaginary  term  in  the  Hamiltonian  vanishes 
exactly,  which  makes  the  expectation  value  of  the  Hamiltonian  strictly  real 
and  shows  that  the  trial  wave  function  space  is  admissible. 

III.  Results 

The  physical  parameters  used  for  the  calculations  correspond  to  a  GaAs 
quantum  wire  with  e  =  12.9£(„me  =  0M7mo,mh  =  O.Brrio,  where  is  free 
electron  mass  and  €„  is  electrical  permitivitty  of  free  space. 

We  first  numerically  evaluated  <  >  and  plotted  it  as  a  function 

of  the  variational  parameter  r  (hole-hole  separation)  in  Fig.  1.  The  minimum 
of  <  >  gives  us  the  value  of  Tcriticai  to  be  used  in  the  biexciton 

wave  function  and  in  the  calculation  of  the  biexciton  binding  energy.  For 
comparison  we  also  plotted  the  expectation  value  of  the  exciton  Hamiltonian 
as  a  function  of  the  variational  parameter  rj  (electron-hole  separation).  The 
exciton  Hamiltonian  used  for  this  plot  can  be  found  in  Refs.  10  and  11. 
Each  expectation  value  has  a  single  well-resolved  minimum.  The  minimum 
is  narrower  for  the  exciton  Hamiltonian  than  for  the  biexciton  Hamiltonian 
because  the  electron  and  hole  are  more  tightly  bound  within  the  exciton  than 
in  the  biexciton.  The  biexciton  therefore  always  exists  as  a  much  broader 
resonance  than  the  exciton.  Although  not  easily  evident  from  Fig.  1,  TcriUeai 
is  less  sensitive  to  the  magnetic  field  than  rjcriticai-  This  is  because  in  a 
relatively  narrow  wire  of  200  A  (used  in  the  calculation  of  Fig.  1),  the  size 
of  the  biexcitonic  complex  is  not  significantly  affected  by  a  magnetic  field. 

In  Fig.  2,  we  present  the  biexciton  binding  energy  as  a  function  of  Ly  (wire 
width  zdong  y  direction)  with  and  without  a  magnetic  field.  The  binding 
energy  initially  decreases  rapidly  with  increasing  values  of  Ly  because  of 
decreasing  quantum  confinement  of  electrons  and  holes.  The  magnetic  field 
has  two  distinct  effects.  First,  it  raises  the  binding  energy  slightly  because 
of  the  additional  confinement  introduced  by  the  field,  and  second,  it  causes 
the  binding  energy  to  saturate  beyond  a  wire  width  of  ~  400  A.  For  narrow 
wires  {Ly  <  150  A),  the  magnetic  field  does  not  have  any  significant  effect. 

These  features  can  be  explained  by  invoking  the  complementary  roles  of 
the  electrostatic  and  magnetostatic  confinements  of  the  electrons  and  holes. 
For  narrow  wires,  the  electrostatic  confinement  of  the  boundaries  predomi¬ 
nates  and  the  additional  confinement  caused  by  the  magnetic  field  has  little 
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Figure  3:  Biexciton  binding  energy  as  a  function  of  magnetic  flux  density 
for  two  values  of  the  wire  width:  Ly  =  BOOA  and  Ly  =  700A.  The  thickness 
along  the  z  axis  for  both  cases  is  Lg  —  200A. 
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effect.  Once  the  wire  width  significantly  exceeds  the  magnetic  length  I  = 
i^JhJeBy  the  magnetostatic  confinement  becomes  predominant  and  increas¬ 
ing  the  wire  width  has  no  further  effect.  This  explains  why  the  biexciton 
binding  energy  saturates  beyond  a  wire  width  of  400  A  (the  magnetic  length 
for  B=10  tesla  is  80  A). 

Unfortunately,  we  cannot  examine  the  behavior  of  the  biexciton  binding 
in  the  limit  when  goes  to  infinity  because  our  model  does  not  contain  any 
provision  to  make  the  transverse  components  of  the  wave  function  to  deform 
into  atomic  Slater  orbitals.  However,  a  direct  comparison  of  our  results  for 
zero  magnetic  field  with  those  in  Ref. [2]  shows  excellent  agreement. 

Figure  3  shows  the  biexciton  binding  energy  as  a  function  of  the  magnetic 
field  for  different  values  of  Ly.  For  realtively  wide  wires  (Ly  =  700  A),  the 
binding  energy  increases  sub-linearly  with  the  magnetic  field,  whereas  for 
narrower  wires  {Ly  =  500  A),  the  increase  is  super-linear. 


Xia 


(a) 


Figure  4:  Contour  plot  of  the  biexciton  probability  density  as  a  function  of 
relative  coordinates  xia,  X2b  for  a  quantum  wire  with  no  magnetic  field.  The 
wire  dimensions  are:  Lz  =  2Q0A,  Ly  =  700A. 

Figures  4  and  5  show  the  contour  plot  of  the  probability  density  distri¬ 
bution  of  the  biexciton  as  a  function  of  relative  coordinates  xia  and  xat  with 
and  without  magnetic  field.  These  two  relative  coordinates  are  the  sepa¬ 
rations  between  one  electron  and  one  hole,  and  between  the  other  electron 
and  the  other  hole.  The  lateral  dimensions  of  the  wire  are  chosen  to  be 
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X2b 


(b) 


Figure  5:  Contour  plot  of  the  biexciton  probability  density  as  a  function  of 
relative  coordinates  Xia,  aJafe  for  a  quantum  wire  subjected  to  a  magnetic  field 
of  10  tesla.  The  wire  dimensions  are:  L*  =  200A,  Ly  =  700A. 

Lz  =  200A,  Ly  -  700A,  i.e.  much  larger  than  the  magnetic  length  at  10  tesla 
so  that  the  effect  of  magnetic  field  is  well  observed.  We  can  see  that  the 
magnetic  field  squeezes  the  biexciton  wave  function  along  the  free  (x-axis) 
direction  for  both  relative  coordinates. 

IV.  Conclusions 

In  this  paper,  we  have  calculated  the  magnetic  field  dependence  of  the 
ground  state  biexciton  (excitonic  molecule)  binding  energy  in  a  GaAs  quan¬ 
tum  wire.  Two  important  observations  are  that:  (i)  the  binding  energy 
increases  with  increasing  magnetic  field,  and  (ii)  binding  energy  saturates 
beyond  a  wire  width  of  400^4  when  a  magnetic  field  of  10  tesla  is  present. 
For  wide  wires  the  magnetostatic  confinement  becomes  predominant  and  in¬ 
creasing  the  wire  width  has  no  further  effect  on  the  biexciton  binding  energy. 
The  increase  in  the  binding  energy  can  lead  to  enhanced  third  order  non¬ 
linear  susceptibilities  and  therefore  improved  non-linear  optical  properties. 

Finally,  a  few  words  about  polariton  effects  are  in  order.  It  was  claimed 
in  Ref.  [14]  that  the  biexciton  bound  state  may  not  exist  in  quantum  wires 
because  of  polariton  effects.  We  are  presently  investigating  this  possibility. 
Additionally,  neglect  of  spin  effects^®  may  not  be  entirely  permissible  if  in- 
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teractions  with  polarized  light  is  considered.  These  topics  are  reserved  for 
future  research. 
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We  have  investigated  lateral  size  effects  on  luminescence  spectra  of  n-type 
modulation  doped  lattice  mismatched  InAsxPi-x/InP  quantum  wires.  Several 
subbands  in  the  conduction  band  are  populated,  while  only  the  lowest  level  in  the 
valence  band  it  populated.  A  clear  blue  shift  is  observed  for  narrow  wires  in  the 
zero  magnetic  field  luminescence  spectra.  The  striking  result  is  that  the  blue  shift 
partly  remains  as  a  rigid  shift  of  the  quantum  wires  Landau  fan  chart  at  high 
magnetic  fields.  We  have  calculated  the  strain  energy  in  lattice  mismatched 
quantum  wires  and  found  that  it  explains  well  the  rigid  energy  shift.  The  wire 
width  dependent  rigid  energy  shift  indicates  a  non-uniform  strain  distribution  in 
the  wires. 
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INTRODUCTION 


Recently  there  have  been  an  increasing  interest  in  the  fabrication  of  strained  quantum  well  wires. 
This  is  encouraged  by  the  great  success  in  the  fabrication  of  low  threshold  strained  quantum  well 
(QW)  lasers.  An  introduction  of  (ideal)  biaxial  strain  in  QW's  or  QWW  s  will  in  addition  to  the 
quantum  confinement  reduce  the  asymmetry  between  the  conduction  and  valence  band  density  of 
states  (reduce  the  non-parabolicity  in  the  valence  band).^  This  reduction  will  lead  to  a  reduced 
threshold  current  2  improved  differential  gain,  and  an  enhancement  of  modulation  dynamics 
(bandwidth)  and  spectral  properties  of  lasers.!  Strong  improvements  have  been  assigned  to  biaxial 
strained  wires,  i.e.  in  wires  where  the  lattice  constant  of  the  wire  region  parallel  to  the  substrate 
interface  (lateral  direction)  has  adapted  the  lattice  constant  of  the  substrate,  whereas  the  lattice 
constant  perpendicular  to  the  substrate  interface,  has  changed  according  to  the  Poisson  ratio.! 

To  accomplish  coherent  growth  at  all  interfaces  using  overgrowth  (lattice  constant 
abaiTier=asubstrate),  a  three  directional  hydrostatic  compression  of  the  wire  region  (relaxed  lattice 
constant  ao>asubstrate)  by  the  barrier  is  necessary.  This  will  lead  to  a  uniform  hydrostatically 
strained  wire  region.  It  has  been  considered  that  a  completely  embedded  wire  region  leads  to  a 
critical  thickness  smaller  than  the  quantum  well  due  to  the  strong  three-dimensional  compression, 
thus  making  dislocation  free  fabrication  difficult.!  However,  it  is  questionable  if  uniform 
hydrostatic  compression  can  be  considered  to  be  valid  for  large  cross-sectional  aspect  ratio.  In  a 
more  realistic  model  the  strain  tensor  element  in  the  central  part  of  the  wire  region  should  for 
increasing  wire  width  asymptotically  approach  the  model  of  a  biaxial  strained  quantum  well.3 
Hence,  the  QWW  strain  distribution  is  intrinsically  non-uniform 

Here  we  report  on  a  high  field  (max.  28T)  magneto-luminescence  study  of  strain-  and 
confinement  effects  of  the  energy  blue  shift  in  n-type  modulation  doped  strained  InAsxPl-x/InP 
QWW's.  The  QWW’s  were  fabricated  with  a  combination  of  electron  beam  lithography,  selective 
wet  etching  and  overgrowth.  This  fabrication  technique  provides  the  ability  to  vary  the  lateral 
width  of  the  wire  and  study  the  dimensional  effects  on  the  strain  distribution  without  affecting  the 
composition  in  the  wire  region.  We  use  n-type  modulation  doped  structures  in  this  investigation. 
Several  subbands  (Landau  levels)  are  populated  in  the  conduction  band.  In  the  valence  band,  only 
the  lowest  subband  (Landau  level)  is  populated  due  to  low  photo-excited  carrier  density.^ 
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To  probe  the  electronic  structure  in  these  strained  QWW's  we  apply  a  magnetic  field  parallel  to 
the  growth  direction  (perpendicular  to  the  lateral  wire  potential).  The  magnetic  field  generates  a 
lateral  harmonic  potential,  where  the  confinement  strength  can  be  varied  by  the  field  strength.  In 
QW’s  (with  the  field  applied  in  the  growth  direction)  the  magnetic  potential  generates  Landau 
levels  with  a  linear  shift  with  the  magnetic  field.  This  is  essentially  different  from  QWW’s  where 
the  lateral  wire  confinement  potential  is  coupled  to  the  magnetic  potential.  The  magnetic  potential 
has  to  dominate  the  total  lateral  potential  to  be  able  to  generate  quasi  2D  Landau-level  states  in  the 
centre  of  the  wire. 

The  principal  idea  using  high  magnetic  fields  is  that  the  energy  blue  shift  due  to  lateral 
confinement  in  QWW’s  is  suppressed  when  Landau  level  states  are  formed  at  high  magnetic  fields. 
The  strength  of  the  lateral  confinement  in  different  QWW’s  and  a  QW-reference  is  essentially 
equal  in  high  magnetic  fields,  dominated  by  the  magnetic  field.  Observation  of  a  remaining 
energy  blue  shift  at  high  magnetic  fields  can  only  be  due  to  effects  other  than  lateral  quantum 
confinement. 

Experimental  details 

We  have  fabricated  n-type  (Sn)  modulation  doped  strained  QWWs  (down  to  100  A  width)  from 
a  50  A  thick  and  1.5%  compressively  strained  InAs0.48P0.52/InP  quantum  well  (QW)  by  electron 
beam  lithography,  selective  wet  etching  and  MOVPE-overgrowth  (see  the  schematic  diagram  in 
Fig.  1).  The  original  quantum  well  structure  was  grown  by  chemical  'beam  epitaxy.  Several  wire 
patterns  including  a  unetched  quantum  well  reference  were  fabricated  on  the  same  wafer.  The  well 
width  inhomogeneity  within  the  original  quantum  well  was  negligible.  The  lateral  QWW  width 
was  determined  by  SEM  measurements.  The  fabrication  technique  is  similar  to  that  used  for 
undoped  lattice  matched  InGaAs/InP  QWW’s.7  The  high  magnetic  field  (28T)  measurements  were 
performed  in  the  Faraday  configuration  using  a  10  MW  hybrid  magnet  at  the  High  Magnetic  Field 
Laboratoiy,  Grenoble.  We  used  a  bath  cryostat,  which  was  pumped  down  to  2K.  The  field  was 
applied  in  the  z-direction,  perpendicular  to  the  original  QW.  The  samples  were  excited  using  the 
514.5  nm  line  from  an  Ar+  -ion  laser,  with  the  laser  light  coupled  to  the  sample  using  a  optical 
fiber  {6(X)  pm  core  diameter).  The  luminescence  was  collected  with  the  same  optical  fiber  and 
detected  with  a  cooled  Ge-detector  using  a  conventional  lock-in  technique.  The  excitation  density 
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was  approximately  0.1  W/cm2  for  the  100  A  wide  wire  and  0.025  W/cm2  for  the  wider  QWWs  and 
the  reference  QW.  Undoped  lattice  mismatched  InAsP/InP  and  lattice  matched  InGaAs/InP 
quantum  wires  have  previously  been  measured  under  similar  conditions. 

experimental  results 

Fig.  2.  shows  low-excitation  magneto-luminescence  spectra  of  the  doped  strained  InAsxPl- 
x/InP  QWWs  and  QW-reference.  There  are  clear  blue  shifts  in  the  zero  field  spectra  for  narrow 
QWWs.  At  high  magnetic  field  the  spectra  of  the  QW-reference  and  the  480  A  wide  QWWs  split 
into  Landau  levels  with  a  linear  shift  with  the  magnetic  field.  The  splitting  occurs  when  the 
cyclotron  energy  is  larger  than  the  line  broadening.  The  splitting  point  is  somewhat  higher  for  the 
480  A  wide  QWWs  than  for  the  QW-reference.  This  is  due  to  the  lateral  confinement  potential 
which  reduces  the  magnetic  field  effect  on  the  electronic  structure  at  low  field  strength  and  also  to 
an  additional  broadening  in  QWWs.  There  is  Gaussian  line  broadening  of  the  Landau  levels  in 
both  the  QW  and  the  QWWs.  Additional  line  broadening  occurs  in  the  QWWs  due  to  wire  width 
fluctuations,  interface  defects  and  impurities  introduced  by  the  lithographic  technique.^  The  wire 
width  fluctuations  occur  both  within  wires  and  between  wires.  The  intrawire  fluctuation  for  this 
fabrication  technique  is  approximately  7  A,  while  the  interwire  fluctuation  is  approximately  20  A.® 

We  can  resolve  the  subband  (Landau  level)  shifts  in  the  250  A  sample  with  deconvolution  using 
an  admixture  of  Gaussian  and  Lorentzian  line  shape.  The  transition  energies  of  the  250  A  wide 
QWWs  and  the  QW-reference  are  displayed  in  Fig.  3.  One  can  ea'sily  see  that  the  two  lowest 
subband  transitions,  ell-hll  and  el2-hll,  have  merged  into  Landau  level  transitions  0-^0  and 
l->0  at  high  magnetic  field  in  the  250  A  wide  QWWs  (ne-^nj,,  where  nj  is  the  Landau  level 
quantum  number  in  the  conduction  and  valence  band,  respectively).  Note,  that  the  third  subband 
transition,  el3-hl  1,  still  has  a  strong  quantum  wire  subband  character  up  to  20  T.  This  is  a  clear 
effect  of  the  lateral  confinement  potential.  The  magnetic  field  effect  can  be  treated  as  a 
perturbation  if  the  energy  separation  between  a  higher  and  lower  subband  is  much  larger  than  the 
2D-Landau  level  splitting. 

The  effect  of  the  lateral  potential  is  even  more  apparent  in  the  100  A  wide  QWWs.  No  splitting 
can  occur  in  the  100  A  wide  wire  due  to  the  strong  lateral  confinement  The  total  shift  of  the  main 
peak  up  to  28  T  is  only  around  5  meV. 
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Furthermore,  theQWWs  spectra  show  a  clear  increasing  blue  shift  relative  the  QW-reference. 
This  is  well  documented  in  the  literature  and  is  partly  induced  by  the  lateral  confinement.  Note  in 
Fig.  3  the  striking  result  that  a  rigid  energy  shift  between  the  Landau  fan  charts  in  the  QWW's  and 
the  QW-reference  still  remains  even  at  very  high  magnetic  fields  (28  T).  This  is  in  sharp  contrast 
to  lattice  matched  QWW’s  where  the  energy  shift  between  differently  wide  QWW's  disappears  at 
high  magnetic  fields.  This  can  be  seen  in  the  inset  to  Fig.  3,  where  the  transition  energy  for  the  two 
lowest  subbands  in  the  200  A  and  350  A  wide  undoped  lattice-matched  InGaAs/InP  QWW's  are 
plotted.  The  excitation  density  was  in  this  case  5  W/cm^,  high  enough  to  create  a  carrier  density 
with  the  ability  to  populate  several  subbands. 

We  interpret  the  rigid  energy  shift  between  the  Landau  levels  fan  charts  for  the  QWW's  and  the 
QW-reference,  to  be  due  to  an  additional  strain  energy  shift  of  the  InAsP  band  gap  in  the  QWWs. 
The  rigid  energy  shifts,  AEz,  are  around  24  and  10  meV  for  the  250  A  and  the  480  A  wide  lattice 
mismatched  InAsP/InP  QWW’s,  respectively.  A  uniform  biaxially  or  three-directional 
compresively  strained  QWW  should  not  be  sensitive  to  the  wire  width.  Our  results  therefore 
indicate  a  wire  width  dependent  non-uniform  strain  distribution.  These  observations  arc  consistent 
with  experimental  results  we  previously  reported  for  undoped  strained  QWW's,  see  Fig.  4.9.3 

Discussion  and  Calculations 
I,  Strain  distribution  calculations 

We  calculate  the  strain  distribution  of  the  lattice  mismatched  (U05-oriented  quantum  wires  by 
the  finite  element  method  (FEM).  The  x,  y  and  z-axis  are  oriented  in  the  lateral  direction,  in  the 
wire  direction  and  in  the  growth  direction,  respectively.  Fig.  5  shows  a  three  dimensional  plot  of 
the  strain  distribution  e’zz  and  e’xx  on  the  cross  section  of  a  4(X)  A  wide  QWW.  The  origin  is  in  the 
centre  of  the  QWW.  e'yy  is  -1.5%,  i.e  lattice  coherence  between  the  QWW  and  the  InP  substrate 
in  the  wire  direction.  The  off-diagonal  terms  are  zero  due  to  the  symmetry  in  this  case.  One  can 
clearly  see  that  the  strain  distribution  is  non-uniform  in  the  QWW.  The  coherence  restriction  at  the 
interfaces  induces  a  suain  gradient  which  penetrates  toward  the  centre  of  the  wire.  The  gradient 
has  a  relatively  larger  impact  on  the  central  region  for  narrow  wires.  As  a  result  the  strain  tensor 
element  in  the  centre  of  a  4(X)  A  wide  QWW  e'^z  decreases  to  1.43%  expansion,  and  e'xx  decreases 
to  -1.31%  compression.  This  should  be  compared  with  e'zz  =  L67%  and  e'xx  =-I>5%  for  the 
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biaxially  strained  QW-rcference.  The  calculations  show  that  the  deformation  near  the  origin  of  the 
wire  approach  biaxial  strain  distribution  when  the  QWW  width  is  increased,  i.e.  asymptotically 
approaching  the  QW-ieference.  The  calculations  show  also  that  non-uniform  strain  is  present  in 
the  barrier,  see  Fig  5.  Highly  non-unifoim  strain  distribution  in  both  the  QWW  and  the  barrier  is 
energetically  favourable.  This  is  dependent  on  the  stiffness  constants  of  the  materials,  which  in 
this  case  are  very  close.  This  privets  a  uniform  hydrostatic  compression  even  for  a  symmetrical 
cross  section.  The  coupling  and  non-parabolicity  in  the  valence  band  is  thereby  in  reality  reduced 
in  comparison  to  the  rigid  barrier  model  where  the  InAsP  wire  region  is  uniformly  hydrostaticly 
compressed  by  InP  barrier. 

II.  Strain  effects 

For  strained  quantum  wells,  the  strain  effect  on  the  electronic  structure  can  be  divided  into 
hydrostatic  strain  energy  a(e’xx+e'yy+^'zz)  energy  b(-2e’zz+e'xx+e’yy)>  a  and  b 

are  the  corresponding  deformation  potentials.  For  QWW's,  the  hydrostatic  strain  energy  is 
increased,  while  the  shear  strain  energy  is  decreased.  The  increased  hydrostatic  energy  enlarges 
the  gap  between  the  conduction  band  and  the  average  valence  band.  The  decrease  in  shear  strain 
will  reduce  the  splitting  between  the  light  and  the  heavy-hole  band  in  the  valence  band.  Both 
effects  result  in  an  increased  band  gap.  The  shear  strain  decrease  is  however  the  dominant  pan  for 
the  bandgap  increase.  The  main  effect  of  the  non-uniform  strain  distribution  is  on  the  valence 
band. 

To  estimate  the  strain  effect  on  the  electronic  states  in  the  QWW's  we  solved  the  2D 
Schrodinger  equation  with  a  Fourier  expansion  method.  For  the  valence  band  we  use  a  strain 
incorporated  6x6  k»p  Hamiltonian  matrix.  First  we  calculated  the  transition  energies  for  a  QWW 
with  the  fully  non-uniform  strain  distribution  displayed  above.  Secondly,  we  calculated  the 
transition  energies  for  a  uniform  biaxial  strained  QWW,  i.e.  the  same  strain  distribution  as  for  the 
QW-reference.  In  the  latter  calculation,  we  obtain  only  the  quantum  confinement  shift.  The 
difference  in  energy  between  the  two  calculations  gives  the  strain  energy  shift.  The  result  of  these 

calculations  is  displayed  as  the  solid  line  in  Fig.  4. 

The  good  fit  to  the  experimental  data  shows  that  we  have  accurately  measured  the  increased 
strain  energy  in  both  undoped  and  doped  lattice  mismatched  QWW’s.  The  fact  that  the  strain  shifts 


Electrochemical  Society  Proceedings  95-17 


134 


in  the  doped  QWWs  are  close  to  the  undoped  QWW’s  and  to  the  calculated  strain  shift,  shows  that 
we  in  this  case  do  not  need  to  consider  relative  shifts  due  to  the  electrostatic  potential  created  by 
the  charge  transfer  in  the  doped  structures.  The  strain  energy  shift  is  a  major  component  of  the 
blue  shift  in  undoped  and  modulation  doped  lattice  mismatched  InAsP  QWW’s. 

in.  Spectral  profile 

The  strain  energy  gives  an  almost  rigid  energy  blue  shift  of  all  ID-subbands  observed  in  the 
luminescence  spectra.  The  conduction  band  offsets  are  relatively  little  affected  by  the  strain  shift 
of  the  band  gap  (only  a  few  meV).  Thus  the  subband  quantum  confinement  energies  in  the 
conduction  band  can,  with  a  good  approximation,  be  estimated  using  a  uniform  strain  model.  The 
observed  blue  shift  in  the  luminescence  spectra  is  therefore  mainly  due  to  an  increased  band  gap, 
not  an  increased  quantum  confinement.  This  can  be  seen  in  Fig.  6  where  we  display  the  calculated 
subband  energy  position  for  a  250  A  wide  -uniformly  biaxially  strained-  QWW.  The  energy 
positions  were  calculated  solving  2D  Schrddinger  equations  incorporating  both  a  uniform  biaxial 
strain  distribution  and  the  magnetic  field.  The  calculated  transition  energies  are  given  relative  to 
the  zero  field  transition  energy  of  a  biaxial  strained  QW,  whereas  the  experimental  values  are 
given  relative  to  the  zero  field  intersection  energy  of  the  high  magnetic  field  Landau  fan  chart  (Ez 
in  Fig.  3).  In  the  calculation  we  have  used  the  effective  masses  of  the  QW-reference.  The  QW- 
reference  effective  masses  can,  due  to  off-diagonal  transitions,  directly  be  determined  in  the 
Landau  level  fan  chan  to  me*=0.088mo  and  mh*“0.130mo.^ 

We  have  now  gained  valuable  information,  such  as  the  effective  electron  mass  and  the  subband 
energy  levels,  to  be  able  to  estimate  the  Fermi  level  and  explain  the  zero  field  luminescence 
spectra.  The  carrier  concentration  in  the  QW  can  be  determined  from  the  number  of  filled  Landau 
levels  and  their  linear  magnetic  field  dependent  degeneracy.  The  magnetic  field  oscillations 
occurring  in  the  lowest  Landau  level  in  the  QW  are  due  to  oscillations  of  the  particle  self  energy.^® 
The  lowest  Landau  level  luminescence  peak  position  is  slightly  increasing  for  integer  filling  factor 
(see  arrows  pointing  at  the  lowest  Landau  level  in  the  QW  in  Fig.  3).  These  oscillations  are  weaker 
and/or  smoother  in  the  QWWs  making  them  less  clear.  We  find  that  the  carrier  concentration, 
Nqw,  in  the  QW  is  approximately  equal  to  2  x  10  ^2  cni-2.  There  is  only  one  confined  subband  in 
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the  conduction  band  and  we  can  ignore  the  valence  band  Fermi  level  due  to  the  low  photo-excited 
carrier  density.  Hence  the  quasi  Fermi-level  in  the  luminescence  spectra  is  given  by: 
EF^=Ez+EFC=Ez+Jtft2NQw/me*.  E^is  the  2D  band  gap  energy  determined  by  extrapolating  the 
Landau-fan  to  zero  field  and  Ep*  is  the  conduction  band  Fermi  level.  The  calculated  quasi  Fermi 
level  is  approximately  54  meV  above  Ez-  This  corresponds  very  weU  to  the  observed  threshold  in 
the  high  energy  slope  of  the  zero  field  photoluminescence  spectra,  as  seen  in  Fig,  7.  The  threshold 
is  a  direct  indication  of  the  Fermi-level.H  The  Fermi  level  position  can  direcdy  be  determined  in 
the  luminescence  spectra  as  there  exist  intensity  Contributions  from  impurity  assisted  indirect 
processes  with  high  energy  electrons.  These  indirect  transition  processes  contributes  with  intensity 
up  to  the  conduction  band  Fermi-level,  where  upon  the  intensity  rapidly  drops  (in  a  scale  of  keT). 
The  existence  of  such  transitions  also  explains  the  offset  between  Ez  and  the  main  intensity  peak  in 
the  spectra.  The  transitions  will  broaden  and  shift  the  spectral  profile  to  the  high  energy  side,  by 
subtracting  the  intensity  from  low  energy  side  and  adding  it  to  the  high  energy  side.”  The  tail  on 
the  low  energy  side  of  Ez  is  due  to  the  usual  band  tailing  effect  induced  by  the  impunty  disorder  of 
the  host  lattice. 

We  now  continue  to  estimate  the  Fermi-level  in  the  QWW's  assuming  that  the  depletion  width, 
lx,  is  close  to  the  wire  width,  L*  Thus,  we  assume  that  the  depletion  depth,  Iz,  is  constant  and 
only  the  depletion  width,  lx,  is  dependent  of  and  equal  to  the  wire  width,  see  inset  to  Fig.  7.  The 
carrier  concentrations  in  the  wires  are  thereby  5  x  10  <5  cm-1  and  9.6  xlO  6  cm'l  for  the  250  A  and 
480  A  wide  wire,  respectively.  The  Fermi-level  position  in  the  photoluminescence  spectra  is, 
EF^=Ez+Ehh+EF‘^.  Ez  is  the  experimental  zero  field  intersection  energy  of  the  high  magnetic  field 
Landau  fan  chart.  EpC  is  given  by:  NQww=5^(2/ttli)(2me*(EF‘^-Enznx(Lz,Lx))^''^0(EF^- 
Enznx(Ez,Ex)),  where  me*=0,088mo  is  the  in-wire  effective  electron  mass  and  0  is  the 
Heaviside's  step  function.  The  zero-field  lateral  quantum  confinement  induced  energies  in  the 
conduction  band,  Enznx(Lz,Lx),  and  valence  band,  Ehh,  are  estimated  solving  2D  Schrodinger 
equations,  assuming  a  uniform  biaxial  strain  distribution  (pure  quantum  confinement  shift).  The 
calculated  Fermi-level  thresholds  in  the  zero  field  spectra  are  63  and  59  meV  above  Ez  for  the  250 
A  and  480  A  wide  QWW’s,  respectively.  The  calculated  quasi  Fermi  level  positions  corresponds 
very  well  with  the  threshold  observed  at  the  high  energy  slope  of  the  zero  field  PL-spectra,  see  Fig. 
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7.  Thus  we  can,  with  a  good  approximation,  use  a  uniform  strain  distribution  in  the  calculation  of 
the  conduction  band  Fermi-level  in  the  QWW’s. 

The  strong  similarity  between  the  zero  field  spectral  profile  of  the  QW-reference  and  the 
QWW's,  is  due  to  line  width  broadening  and  the  reduced  transition  matrix  elements  for  the  off- 
diagonal  transitions  between  higher  levels  in  the  conduction  band  and  the  lowest  level  in  the 
valence  band.  An  increased  broadening  will  reduce  the  strong  singularities  which  are  significant 
for  the  ID-density  of  state.  The  ID-density  of  state  will  be  smeared  out  and  only  show  oscillation 
around  the  2D-density  of  state.'^  broadening  of  the  ID-subbands  has  a  minor  effect  on  the 
absolute  position  of  the  Fermi  level.  It  is  important  to  note  that  the  resemblance  between  the  QW 
and  QWW’s  spectral  profile  only  exist  near  zero  field.  The  strong  lateral  confinement  has  a  large 
impact  on  the  development  of  the  density  of  states  in  the  magnetic  field,  as  seen  in  the  magneto- 
luminescence  spectra  in  Fig.  2. 

Conclusions 

We  have  found  that  the  wire  energy  blue  shift  in  lattice  mismatched  quantum  wires,  relative  the 
quantum  well  reference,  partly  remains  at  high  magnetic  fields.  Our  calculations  shows  that  the 
remaining  energy  blue  shift  at  high  magnetic  field  is  due  to  the  strain  energy  increase  of  the  QWW 
bandgap.  The  strain  distribution  is  intrinsically  non-uniform  and  wire  width  dependent  despite  the 
uniform  composition  of  the  wire  region.  For  QWWs,  the  hydrostatic  energy  is  increased,  while 
the  shear  strain  is  decreased.  Both  components  enlarge  the  band  gap.‘  The  main  strain  effects  are 
on  the  valence  band.  A  non-uniform  strain  distribution  is  also  present  in  the  barrier,  which 
prevents  a  uniformly  hydrostatically  compression  of  the  wire  region  even  for  small  cross  sectional 
aspects  ratios  and  despite  the  fact  that  the  wire  region  is  completely  embedded  in  InP. 
Funhermore,  the  conduction  band  offsets  are  relatively  litde  affected  by  the  non-uniform  strain 
shift  of  the  band  gap.  The  subband  energies  in  the  conduction  band  can  thereby  be  estimated  using 
a  uniform  strain  model.  The  zero  field  luminescence  line  widths  of  the  QWWs  are  in  range  of  the 
conduction  band  Fermi  level,  i.e.  high  energy  electrons  up  to  the  Fermi-level  contributes  to  the 
intensity.  The  quantum  wire  conduction  band  Fermi  level  can,  as  a  good  approximation,  be 
calculated  assuming  a  uniform  biaxial  strain  distribution  and  a  depletion  width  in  the  modulation 
doped  area  in  the  range  of  the  wire  width. 
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Original  structure 


—  InGaAs  30  A 

—  lnP600  A 
^  InAsP  50  A 

InP  spacer  100  A 
''n-lype  (5x10*17)  2000  A 

—  InP  butler 


Final  structure 


Quantum  well  wires 


n-type  InP  substrate 


no.  1.  A  schemaUc  diagram  outlining  the  original 
single  quantum  well  structure  and  the  final  quantum  well 
wire  structure.  The  original  structure  contains  a  1.5% 
comprcssively  strained  quantum  well. 


Photon  Energy  (eV) 


Magnetic  Field  (T) 

FIG.  3.  TTie  transition  energy  position  as  a  function  of 
magnetic  field  for  n-type  modulation  doped  lattice 
mismatched  quantum  well  wires  (250  A  wide)  and  the 
quantum  well  reference.  Ihe  transition  energy  is  given 
relative  to  the  zero  field  intcrsecdon  energy  of  the  high 
magnetic  field  Landau  fan  chart  The  inset  shows  the 
Uansition  energies  as  a  function  of  magnetic  field  for 
lattice  matched  Ino.53Gao.47As/InP  quantum  well  wires 


FIG.  2.  Magneto-luminescence  spectra  of  n-type 
modulation  doped  and  lattice  mismatched  InAsxPi-x/InP 
quantum  well  wires  (480,  250  and  100  A  wide)  and  the 
quantum  well  reference. 


1-  width  dependent  strain  energy  shift.  The 
solid  line  shows  the  c^culated  enhancement  of  strain 
energy  due  to  a  non-uniform  strain  distribution  (FEM) 
present  in  the  wires.  The  experimental  values  are  given 
by  the  rigid  energy  shift  of  the  Landau  level  fan  chart 
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bUU 


FIG.  5.  Strain  distribution  for  a  Lx  =  400  A  wide  wire 
(Lz=50  A).  The  vertical  axis  is  (a)  e^z'  (b)8xx’.  The  wire 
region  is  ranging  from  -25  to  25  A  and  -200  to  200  A. 


FIG.  6.  The  subband  transition  energy  position  as 
function  of  magnetic  field.  The  theoretic^  calculations 
show  how  the  ID  subbands  merge  into  Landau  levels  for 
a  uniform  biaxial  strained  quantum  well  wire  (250  A 
wide).  For  the  calculated  transition  energies,  the 
reference  energy  Ez  is  the  transition  energy  of  a  biaxially 
strained  quantum  well.  The  refaence  energy,  Ez,  for  the 
experimental  values  is  the  zero  field  intersection  point  of 
the  high  magnetic  field  Landau  level  fan  chart,  see  Fig.  1 
The  AEz  values  arc  displayed  in  Fig.  4. 


FIG.  7.  Zero  field  photoluminescence  spectra  of  the  n- 
type  modulation  doped  lattice  mismatched  quantum  well 
wires  (480  and  250  A  wide)  and  the  quantum  well 
reference.  The  inset  contains  information  about  the 
parameter  notation  used  in  the  text. 


Electrochemical  Society  Proceedings  95-17 


140 


Optical  studies  of  GaxIni.xP  multiple  quantum  wires  grown 
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Abstract:  We  report  Raman  scattering,  continuous-wave  PL  and  time- 
resolved  PL  measurements  of  CaxIn^xP  /  GaAs  multiple  quantum  wire  arrays 
grown  via  a  novel  strain  induced  lateral  ordering  process.  Optical  polarization 
studies  and  resonance  Raman  measurements  indicate  that  the  carriers  in  these 
structures  are  confined  to  1 -dimension  by  a  strong  composition  modulation 
in  the  growth  plane.  Luminescence  arising  from  both  free  and  localized 
excitons  is  observed  and  a  preliminary  analysis  of  lifetime  measurements  is 
presented.  These  SILO  grown  systems  appear  to  be  strong  candidates  for  true 
quantum  wires. 

Increasing  use  of  opto-electronic  devices  in  telecommunications,  publishing,  scanning 
and  display  technologies,  has  caused  a  drive  to  increase  device  efficiency  by  reducing 
threshold  power  requirements,  attaining  higher  differential  gain  and  modulation  bandwidth, 
and  improving  device  stability  and  lifetime.  To  these  ends,  band-gap  engineered  lower 
dimensional  heterostructures  have  significant  performance  advantages  compared  with 
conventional  double-heterostructure  counterparts.^’^  These  improved  device  characteristics 
are  due  primarily  to  the  modification  of  the  band  structure  and  density-of-states  (DOS)  in 
low  dimensional  systems. 

Very  early  on  it  was  realised  that  the  ID  DOS  of  quantum  wires  (QWR)  would  afford 
improvements  over  quantum  well  (QW)  devices.^'^  But  despite  the  obvious  ^vantages, 
researchers  have  been  unable  to  fabricate  QWR  structures  in  a  controlled,  repeatable 
manner,  with  quality  close  to  present  day  QW  devices.  Almost  all  the  conventional 
techniques  for  QWR  fabrication  create  wires  with  certain  inherent  shortcomings,  such  as 
surface  and  interface  defects,  insufficient  confinement,  or  low  areal  wire  density. 
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Recently,  Cheng  et  al.  showed^  that  quantum  wires  with  a  periodicity  as  small  as 
~200A  can  be  achieved  in  GalnP  and  GalnAs  alloys  through  strain  induced  lateral 
composition  modulation  within  the  growth  plane.  The  growth  method  involves  growing  a 
short  period  superlattice  (SPS)  of  incommensurate  bilayers  of  (GaP)2-5/(InP)2+8  on  a 
[001]-oriented  on  axis  GaAs  substrate.  The  resulting  elastic  stress  and  strain  fields 
generated  by  the  global  average  strain  have  been  shown^  to  render  an  alloy  with  lateral 
composition  modulation  more  thermodynamically  stable  than  a  random  homogeneous  alloy 
for  certain  III-V  alloy  systems.  Composition  modulation  in  these  systems  is  known  to 
occur  preferentially  in  the  [110]  direction  in  the  growth  plane,  resulting  in  alternating  In-  or 
Ga-rich  regions  extending  along  [110]  direction.  The  band  edge  modulation 
accompanying  the  composition  modulation,  together  with  a  quantum  well  confinement  in 
the  [001]  growth  direction,  confines  the  carriers  in  the  lower  band  gap  In-rich  "wire" 
regions  along  the  [TlO]  direction.^ 

Figure  1  shows  a  schematic  diagram  of  a  typical  multiple  QWR  structure.  As  the 
composition  varies  about  the  average  SPS  value  of  x  =  0.525  in  the  [110]  direction,  so 
does  the  bandgap  of  the  material.  The  In-rich  wire  regions  are  compressively  strained  while 
Ga-rich  barrier  regions  are  under  tensile  strain.  These  structures  have  been  examined  by 
cross-sectional  TEM.  The  plan-view  TEM  photo  shown  in  Figure  2  reveals  that  the  QWRs 
are  characterized  by  an  average  length  on  the  order  of  3000A  and  an  average  width  of 
~200A  in  the  growth  plane.  That  the  contrast  modulation  in  the  TEM  image  is  indeed  due  to 
lateral  composition  variation  is  confirmed  by  energy  dispersive  X-ray  spectroscopy  (EDS). 
*  A  lower  limit  for  the  amplitude  of  the  composition  modulation  in  the  GaxIni-xP  alloy  was 
determined,  using  a  lOA  probe  electron  beam,  to  be  x^ax  -  Xmin  >  0.2. 


FIG.  1.  Diagram  illustrating  the  lateral  superlattice 
structure  resulting  from  the  SILO  process.  Also 
shown  is  the  composition  and  band-gap  modulation 
along  [110]  direction. 


FIG.  2.  Plan-view  TEM  photo  of  the  GaxInj-xP 
superlattice  structure.  The  image  was  taken  with  the 
g-vector  at  45°  from  the  [110]  and  [-1  1  0]  directions 
to  eliminate  the  effects  of  strain  from  the  image. 
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Photoluminescence  from  these  wires  is  observed  at  1.72  eV  (see  figure  3).  By 
comparison,  the  bandgap  for  a  random  x  =  0.525  GaxIni-xP  alloy  is  known  to  be 
1.94  eV.  The  200  meV  red  shift  of  QWR  PL  compared  with  the  homogeneous  bulk  alloy 
is  thought  to  be  due  to  the  large  composition  modulation.  Shown  in  figure  3  are  polarized 
PL  measurements  at  liquid  helium  temperatures.  These  measurements  reflect  the 
polarization  dependence  of  optical  transitions  for  carriers  in  the  wire  regions  only,  as  care 
was  taken  to  excite  the  luminescence  with  an  excitation  energy  of  1.78  eV  to  avoid 
generating  carriers  in  the  well-barriers  or  Ga-rich  barrier  regions. 

We  find  that  the  PL  intensity  is  strongly  anisotropic  with  respect  to  both  the  incident 
laser  polarization  and  the  collected  luminescence  polarization.  This  would  be  expected  for 
free  exciton  luminescence,  but  we  believe  that  the  luminescence  in  these  wires  is  associated 
with  localised  excitons  based  on  our  time-resolved  studies.  Optical  anisotropy  in  quantum 
wires  has  been  experimentally^’^®  and  theoretically  shown  to  arise  due  to  the  effects  of  the 
two-dimensional  confinement  potential  on  the  interband  matrix  element.  Bockelmann  and 
Bastard^ ^  have  demonstrated  that  confinement-induced  mixing  between  light-  and 
heavy-hole  states  is  crucial  for  anisotropy  of  interband  transitions.  An  -80%  polarized 
luminescence  from  our  samples  therefore  indicates  narrow  wires  with  a  large  confinement 
potential. 


8 


Energy  (meV) 

FIG.  3.  Quantum  wire  PL  intensity  dependence  upon  a)  luminescence  polarization  and 
b)  incident  laser  polarization. 


One  needs  to  be  cautious  in  assigning  all  the  luminescence  polarization  to  carrier 
confinement,  because  other  mechanisms,  such  as  residual  strain  and  Cu-Pt  type  ordering, 
have  also  been  known  to  result  in  optical  anisotropy.  For  example,  in  many  III-V  ternary 
alloys,  inhomogeneities  have  been  found  in  the  layers,  not  because  of  poor  growth,  but 
rather  due  to  the  thermodynamic  properties  of  the  alloys  themselves.  Under  certain  growth 
conditions,  Cu-Pt  type  long  range  ordering  is  known  to  occur  when  Ga  and  In  atoms  reside 
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preferentiaUy  in  alternate  [111]  planes.'^  This  type  of  ordering  lowers  the  band  gap  (by  as 
much  as  90  meV)^^  and  leads  to  anisotropic  luminescence. 

To  estimate  the  degree  of  Cu-Pt  ordering  in  these  SILO  grown  wires,  we  studied  both 
the  PL  power  dependence  and  the  PL  excitation  (PLE)  spectra  of  wires  and  reference 
quantum  wells  with  the  same  thicknesses.  According  to  a  recent  model,  in  the  presence 
of  Cu-Pt  ordering  there  is  expected  to  be  a  distribution  F(ti)  of  ordered  domains  identified 
by  a  parameter  tl  which  characterizes  the  degree  of  ordering  in  that  domain.  Both  a 
substantial  shift  between  the  PL  and  PLE  peak  energies,  and  a  shift  in  the  PL  peak  with 
inaeasing  power,  is  expected  in  such  systems  due  to  the  width  of  F(tl).  However,  we  did 
not  observe  any  noticeable  power  dependence  of  PL  energy  in  our  SILO  grown  QWR 
samples  (see  figure  4).  Also,  the  PL  Stokes  shift  from  the  PLE  was  less  than  -15  meV. 
This  suggests  that  there  is  not  too  much  Cu-Pl  type  ordering  in  these  materials. 


We  have  also  studied  the  carrier  kinetics  in  these  systems  using  time-resolved 
photoluminescence.  The  kinetics  of  photoexcited  free  excitons  in  heterostnictures  have 
been  extensively  studied  by  a  number  of  authors,'*  with  a  special  focus  on  the  role  of 
interface  roughness.  Interface  roughness  has  been  recognized'’  to  affect  the  exciton 
kinetics  in  two  ways  depending  on  whether  the  size  of  the  regions  with  eonstant  width  is 
larger  or  smaller  than  the  exciton  Bohr  radius.  In  regions  larger  than  the  Bohr  radius,  the 
excitons  behave  as  free  particles  and  are  ballistically  scattered  at  the  boundaries.  Interregion 
exciton  diffusion  will  occur,  however,  and  influence  the  decay  kinetics  of  the  excitons. 

20 

In  regions  having  sizes  comparable  to  or  smaller  than  the  Bohr  radius,  the  mobility  of 
the  exciton  is  limited  and  the  exciton  can  be  localised  by  potential  fluctuations  associated 
with  interface  roughness.  There  exists  a  dynamic  equilibrium  between  free  and 
locaUsed  excitons  that  adds  to  the  richness  of  the  recombination  kinetics  in  heterostractures. 
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PL  Intensity  (arb.  units) 


It  is  commonly  believed  that  the  main  part  of  the  observed  luminescence  originates  from  the 
recombination  of  FE's  trapped  at  these  interface  defects. 

The  SILO  grown  quantum  wires  are  spontaneously  ordered  structures  and  hence,  they 
are  expected  to  have  associated  size  fluctuations.  This  fact  is  borne  out  both  by  the  TEM 
pictures  and  by  the  PL  peak  width  of  ~38  meV,  which  is  substantially  larger  than  PL 
widths  in  high  quality  quantum  wells  of  comparable  size.  Figure  5  shows  the  PL  specta 
from  these  wires  for  different  delays  after  excitation  with  4  picosecond  laser  pulses.  We 
observe  that  the  luminescence  peak  is  at  1750  meV  immediately  after  excitation,  but  shifts 
to  1728  meV  at  longer  times.  This  behavior  reflects  the  trapping  of  free  excitons  after 
excitation.  These  bound  excitons  then  slowly  migrate  to  sites  with  the  lowest  energies  via 
thermally  activated  hopping,  whereupon  the  PL  peak  position  moves  to  1722  meV. 
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FIG  5.  QWR  PL  spectra  for  different  delay  pjQ  g  Quantum  wire  PL  decay  measurements  for  a  range 

times  after  excitation  with  4  ps  laser  pulse.  energies  near  the  PL  peak  (1720  meV)  for  T=4.2K. 

The  luminescence  decay  at  different  energies  (see  figure  6)  around  the  PL  peak  is  also 

interesting.  At  energies  higher  than  1750  meV,  the  decay  is  nonexponential  and 

free-exciton-like,  in  agreement  with  recently  proposed  models  that  predict  a 

•  23  24 

non-exponential  decay  for  free  excitons  in  thermal  equilibrium  with  free  earners.  ’ 
Around  1720  meV,  the  decay  can  be  fit  with  two  exponentials,  with  the  longer  lifetime 
process  corresponding  to  bound  exciton  recombination  dominates  recombination  near  the 
peak  PL  energy,  but  fades  out  at  the  lower  energy  tail  of  the  luminescence.  At  lower 
energies,  the  decay  is  nearly  exponential,  which  suggests  it  might  be  controlled  by 
nonradiative  channels.^'^ 

These  wires  have  large  exciton  binding  energies,  as  evidenced  by  the  PL  peak  shift, 
that  makes  them  stable  even  at  relatively  high  temperatures.  The  activation  energy 
associated  with  thermally  activated  hopping  of  the  bound  excitons  appears  to  be  quite  large 
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as  well.  This  explains  the  increasing  importance  of  the  long  lifetime  processes  in  the  PL 
peak  with  increasing  temperature  (shown  in  figure  7).  The  bound  excitons  are  rendered 
almost  immobUe  at  very  low  temperatures.  As  the  temperature  is  increased,  bound  excitons 
are  able  to  relax  down  to  sites  with  lower  bound-exciton-energies.  In  other  words,  there  is 
a  larger  number  of  bound  excitons  contributing  at  the  PL  peak  energy  at  elevated 

temperatures.  loooo  I 


FIG.7.  Temperature  dependence  g 
of  luminescence  decay  from  | 
QWR's. 


To  better  understand  and  model  the  SILO  grown  composition  modulated  quantum 
wires,  we  need  a  tangible  estimate  of  certain  parameters  such  as  a)  the  extent  of 
composition  modulaton  and  b)  the  modulation  profile  (see  figure  8).  We  have  done  some 
preUminary  measurements  towards  this  end  using  resonance  Raman  spectroscopy. 


FIG.  8.  An  idealized  depiction 
of  the  sample  structure.  SILO 
multiple  QWR  arrays  we 
sandwitched  between  180A 
lattice  matched  quantum  wells. 


Figure  8  portrays  an  idealized  depiction  of  the  sample  structure.  By  selectively  tuning 
the  laser  to  band  gaps  of  different  parts  of  the  composition  modulation,  we  can  effectively 
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study  excitations  associated  with  different  parts  of  the  physical  structure.  In  particular,  the 
energy  of  the  GaP  like  LO  phonon  in  Gai.xInxP  alloys  has  been  observed  to  depend  upon 
the  In  fraction  'x'  as 

t»^(GaP)=404.99-38.97JC-18.18A:"  (cm'')  ...(1) 

Thus,  by  studying  the  frequency  of  the  GaP-like  phonon  as  we  tune  the  excitation 
frequency,  we  can  estimate  the  composition  profile  of  the  structure.  From  the  results 
shown  in  figure  9,  we  observe  that  the  GaP  like  LO  phonon  peaks  originating  from  the 
Ga-rich  barriers  and  In-rich  wires  exhibit  a  7  cm‘^  energy  difference.  Therefore,  from 
eqn.(l),  we  estimate  approximately  38%  Ga  in  the  wire  regions,  60%  Ga  in  the  barrier 
regions  and  a  squarish,  rather  than  sinusoidal,  composition  modulation. 


FIG.  9.  Resonant  Raman 
spectra  corresponding  to  two 
extreme  compositions.  Arrows 
indicate  the  GaP  like  LO 
phonons.  Also  note  the 
stronger  InP  like  LO  phonon 
from  the  In  rich  wires. 


Resonant  Raman  from  Wires  and  Barriers 


In  conclusion,  we  have  studied  narrow  quantum  wires  grown  by  a  novel  SILO  process 
with  PL  and  time-resolved  measurements.  We  observe  luminescence  from  excitons 
localized  due  to  wire-width  fluctuations,  but  the  wires  seem  very  promising  due  to  their 
large  radiative  efficiencies  and  high  wire  density  (50%  surface  coverage).  A  strongly 
polarized  luminescence  indicates  srong  carrier  confinement. 
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INTERSUBBAND  CARRIER  RELAXATION 
IN  GaAs/AlAs  20  NM  WIDE 
QUANTUM  WIRES 


T.  Sogawa,  S.  Ando,  H.  Ando,  and  H.  Kanbe 
NTT  Basic  Research  Laboratories 

3-1  Morinosato-Wakamiya,  Atsugi-Shi, 
Kanagawa  243-01,  Japan 


Effects  of  intersubband  carrier  relaxation  on  photoluminescence  (PL) 
rise  time  are  investigated  in  GaAs/AlAs  20-nm-wide  quantum  wires.  The 
time  evolution  of  the  PL  intensity  is  found  to  vary  significantly,  depending 
on  the  excited  conduction  subbands.  The  experiments  demonstrate  that 
intersubband  carrier  relaxation  from  the  second  conduction  subband  to  the 
first  subband  causes  a  delay  time  of  30-40  psec  between  excitation  and  the 
peak  of  the  PL  intensity,  while  intrasubband  carrier  relaxation  causes  no 
significant  delay. 


INTRODUCTION 

Low-dimensional  quantum  structures  such  as  quantum  wires  (QWRs)  and 
quantum  dots  have  attracted  a  lot  of  attention  in  view  of  their  physics  and  potential 
device  applications.  It  has  been  predicted  that  semiconductor  lasers  including  QWRs 
or  dots  in  the  active  regions  will  greatly  improve  device  performance  due  to  the  sharp 
density  of  states  (1).  On  the  other  hand,  it  has  been  pointed  out  that  phonon  bottleneck 
effects  may  degrade  luminescence  efficiency  as  well  as  time  response  (2).  Howewr, 
this  bottleneck  phenomenon  has  not  been  clearly  observed  up  to  now  probably 
because  of  poor  sample  quality  and  weak  lateral  quantum  confinement.  It  has  been 
theoretically  predicted  that  the  carrier  relaxation  process  due  to  phonon  scattering  and 
carrier-carrier  scattering  significantly  depends  on  the  confinement  dimension  of  the 
structures  (3-6). 

We  have  reported  the  fabrication  of  GaAs/AlAs  trench-buried  QWRs  with  a 
lateral  size  of  about  20nm(7-9),  which  is  small  enough  to  cause  wide  energy 
separation  between  the  first  and  second  conduction  subbands  as  large  as  the  LO 
phonon  energy  of  36  meV.  We  have  observed  clear  one-dimensional  (1-D)  subband 
structures  in  photoluminescence  excitation  (PLE)  spectra  of  the  QWRs.  Here,  to 
investigate  the  intersubband  carrier  relaxation  in  the  GaAs/AlAs  20-nm-wide 
rectangular  QWRs,  we  measure  the  dependence  of  PL  rise  time  on  the  excited  1-D 
conduction  subband. 
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EXPERIMENTAL 


Fabrication  of  Rectangular  QWRs 

Trench-buried  QWRs  were  grown  on  V-grooved  (001)  GaAs  substrates  by 
low-pressure  {76torr)  metalorganic  chemical  vapor  deposition.  150-nm-pitch 
gratings  composed  of  600  grooves  were  patterned  along  the  <T  10>  direction  by  using 
electron-beam  lithography  (JEOL:  JBX-6000FE)  and  wet  chemical  etching.  The 
growth  temperature  was  620  °C  and  the  group  V/IH  ratios  were  120  for  GaAs  growth 
and  220  for  AlAs-trench  growth.  The  detailed  growth  procedure  is  described  in 
Ref.  7-9.  Figure  1  shows  a  typical  cross-sectional  shape  of  the  trench-buried  QWR. 
The  dark  layer  grown  on  the  corrugated  GaAs  substrate  corresponds  to  the  AlAs  layer 
that  forms  a  trench  structure  having  (110)  vertical  sidewalls.  In  this  case,  a  nearly 
square  20-nm-wide  and  20-nm-thick  GaAs  wire  (bright  area)  covered  by  an  upper 
AlAs  layer  is  formed  at  the  bottom  of  the  trench.  The  thickness  of  the  GaAs  wires  can 
be  precisely  controlled  by  changing  the  growth  time  (7).  In  this  experiment,  we 
prepared  approximately  20-nm-wide  and  10-nm-thick  QWRs,  with  the  emission  line 
separated  far  from  the  emission  line  of  the  GaAs  substrate. 


PLE  Spectra  of  QWRs 

Figure  2  shows  the  low-temperature  (15  K)  PLE  spectra  together  with  the  PL 
spectrum  for  the  QWRs.  A  few  mW  Ti-sapphire  laser  light  with  a  focused  spot  size 
of  lOOfim  was  used  for  excitation.  The  dotted  line  corresponds  to  the  PL  spectrum. 
The  solid  and  dashed  lines  are  the  PLE  spectra  obtained  with  incident  light  polarized 
parallel  and  perpendicular  to  the  wires,  respectively.  In  the  figure,  (ci-vj)m,n  denotes 
the  transition  levels  between  the  quantized  rth  conduction  subband  ci  and  the  yth 
valence  subband  vj,  where  m  and  n  refer  to  the  indices  of  quantum  confinement  in  the 
lateral  and  vertical  directions,  respectively.  It  is  observed  that  the  PL  peak  is  Stokes- 
shifted  by  about  25  meV,  which  is  comparable  with  the  PL  line  width.  We 
ascertained  that  the  PLE  peak  energies  slightly  decreased  (by  less  than  a  few  meV) 
when  the  PLE  detection  energy  was  widely  shifted  to  the  lower  energy  side  of  the  PL 
peak.  Thus,  the  Stokes-shift  is  attributed  to  the  structural  nonuniformities  along  the 
wires. 

Figures  schematically  shows  the  1-D  conduction  and  valence  subband 
structures.  The  conduction  band  can  be  described  by  the  conventional  one-band 
model,  thus,  the  cl,  c2,  and  c3  subbands  are  formed  by  the  electron  states  with 
indices  of  {m,  n)  -  (1, 1),  (2, 1),  and  (1,2),  respectively,  in  the  elongated  QWRs.  On 
the  other  hand,  valence  subbands  exhibit  complicated  characteristics  resulting  from  the 
heavy-hole  (hh)  -  light-hole  (Ih)  band  mixing  caused  by  lateral  and  vertical  quantum 
confinement  (10-12).  Since  the  vl  and  v3  subbands  are  mixtures  of  the  hh  and  Ih 
states  with  indices  of  (m,  «)  =  (!,  1),  these  subbands  can  optically  couple  with  the  cl 
subband  (10).  As  shown  in  Fig.  2,  the  (cl-vl)i,i  and  (cl-v3)ij  transitions  exhibit 
strong  polarization  anisotropy  because  of  the  difference  in  the  hh  and  Ih  components 
forming  each  valence  subband.  The  v2  subband  is  composed  of  the  hh  and  Ih  states 
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with  indices  of  {m,  n)  =  both  (2, 1)  and  (1,2),  thus  it  couples  with  the  c2  and  c3 
subbands.  In  Fig.  2,  the  (cl-vl)i,i  and  (c2-v2)2,i  transitions  are  clearly  resolved  for 
excitation  light  polarized  parallel  to  the  wires. 


Subband  Dependence  of  PL  Rise  Time 

Mode-locked  Ti-sapphire  laser  pulses  (time  duration  of  1  psec)  and  a  streak 
camera  with  a  monochromator  were  used  to  measure  the  PL  dynamics  of  the  QWRs  at 
15  K.  As  a  few  mW  laser  light  (repetition  rate  of  82  MHz  )  with  a  spot  size  of  about 
100  \im  was  used,  the  excited  carrier  density  was  estimated  to  be  about  5  x  1016  ^3, 
which  is  probably  smaller  than  the  residual  hole  density  due  to  the  carbon  impurities 
incorporated  during  growth.  Therefore,  we  expect  the  PL  rise  time  to  be  dominanuy 
determined  by  the  electron  relaxation  process  in  the  conduction  band.  In  the 
experiment,  as  indicated  in  Fig.  3,  the  wavelengths  of  the  excitation  laser  light  with 
parallel  polarization  were  tuned  at  770  nm  for  the  excitation  of  only  the  cl  subband 
(dashed  arrow)  and  at  750  nm  for  the  excitation  of  both  the  cl  and  c2  subbands  (solid 
arrows). 

Figures  4  (a)  and  (b)  show  the  time  evolution  of  the  PL  intensity  for  the 
excitation  wavelengths  (a)  770  nm,  and  (b)  750  nm.  Here,  the  time  traces  of  the  PL 
intensity  at  four  emission  wavelengths  (782,  787,  792,  and  797  nm)  are  plotted.  The 
excitation  time  (r=0)  was  calibrated  based  on  the  simultaneously  observed  PL  peaks 
of  the  extremely  short  emission  from  GaAs  hot  carriers  around  800  nm.  When  only 
the  cl  subband  is  excited,  in  Fig.  4  (a),  the  delay  time  between  excitation  and  the  PL 
peak  is  not  clearly  observed.  On  the  other  hand,  the  excitation  of  both  the  cl  and  c2 
subbands  significantly  causes  the  delay  time,  as  shown  in  Fig.  4  (b).  The  time  traces 
at  the  wavelengths  of  782 nm  and  787 nm  show  delay  times  of  5-10 psec. 
Moreover,  the  time  trace  at  792  nm,  which  corresponds  to  the  lower  energy  side  of 
the  PL  peak,  exhibits  a  large  delay  of  30-40  psec. 

Figure  2  exhibits  that  the  energy  separation  between  the  (cl-vl)i,i  and 
(c2-v2)2  1  transitions  is  about  45  meV.  Since  the  energy  separation  between  the  vl 
and  v2  ’subbands  at  the  zone  center  is  calculated  to  be  about  10  meV  in  the 
20nmx  lOnm  QWRs(iO),  the  energy  separation  between  the  cl  and  c2  subbands  is 
about  35  meV,  which  is  almost  resonant  with  the  LO  phonon  energy  of  36meV. 
However,  it  should  be  noted  that  the  emission  dominantly  occurs  in  the  local  minima 
due  to  the  carrier  diffusion  along  wires  because  the  sample  has  the  considerable 
nonuniformity  as  wide  as  25  meV  and  the  experiment  was  done  under  the  very  weak 
excitation  condition  at  low  temperature.  In  the  local  minima,  where  the  lateral  width  is 
larger  than  20  nm,  the  energy  separation  between  the  cl  and  c2  subbands  is  smaller 
than  the  LO  phonon  energy,  resulting  in  the  off-resonant  condition.  The  effect  of  the 
off-resonant  condition  on  the  intersubband  relaxation  should  be  more  significant  in  the 
regions  with  larger  lateral  width.  In  Fig.  4  (a),  the  time  trace  at  the  wavelength  of 
792  nm  (the  lower  energy  side  of  the  PL  peak)  exhibits  no  delay  time,  suggesting  that 
intrasubband  relaxation  for  the  cl  subband  electrons  is  faster  than  the  time  resolution 
of  10  psec.  On  the  other  hand,  the  time  trace  at  792  nm  in  Fig.  4  (b)  shows  the  slow 
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component  with  the  delay  time  of  30-40  psec.  Therefore,  this  delay  time  is  considered 
to  be  caused  by  the  intersubband  carrier  relaxation  process  from  the  c2  to  c  1 
conduction  subbands  at  the  off-resonant  wire  regions. 


CONCLUSION 

In  conclusion,  we  investigated  the  effects  of  intersubband  carrier  relaxation  on 
PL  rise  time  in  GaAs/AlAs  20-nm-wide  QWRs.  It  has  been  demonstrated  that  the  PL 
delay  time  due  to  the  intersubband  carrier  relaxation  from  the  second  conduction 
subband  to  the  first  subband  is  30-40  psec,  which  is  much  longer  than  the 
intrasubband  carrier  relaxation  time  of  less  than  10  psec.  This  result  shows  that  the 
intersubband  carrier  relaxation  process  cannot  be  neglected  in  the  carrier  dynamics  of 
QWRs  and  suggests  the  significance  of  bottleneck  effects  in  the  1-D  systems. 
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Figure  1.  Cross-sectional  view  of  trench-buried  QWR  observed  by  high-resolution 
scanning  electron  microscopy. 


Figure  2.  Low-temperature  (15  K)  polarization-dependent  PLE  spectra  and  PL 
spectra  for  20-nm-wide  and  10-nm-thick  QWRs.  Dotted  line  indicates  the 
PL  spectrum.  Solid  line  and  dashed  line  were  obtained  with  incident 
polarization  parallel  and  perpendicular  to  the  wires,  respectively. 
{ci-vj)m,n  denotes  transition  levels  between  the  quantized  ith  conduction 
subband  and  ;th  valence  subband,  where  m  and  n  are  indices  of  lateral  and 
vertical  quantum  confinement,  respectively. 
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Figure  4.  Time  traces  of  PL  intensity  at  various  wavelengths  for  the  excitation 
wavelengths  of  (a)  770  nm,  and  (b)  750  nm. 
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ABSTRACT 

We  study  hopping  transport  in  quantum  structures  with  localized  electron 
states.  Two  systems  are  investigated:  quantum  box  superlattice  and  the  interband 
resonant  tunneling  structure  with  confined  electron  and  hole  states  m  electrodes. 
We  show  that  electric  current  in  a  one  dimensional  (ID)  chain  of  quantum  boxes 
is  characterised  by  a  set  of  zero  minima  (antiresonances)  due  to  the  momentoin 
selection  rule  for  the  interaction  of  acoustic  phonons  with  Wannier-Stark  localized 
electrons  or  due  to  the  folded  phonon  gaps.  We  calculate  current-voltage  charac¬ 
teristics  for  resonant  interband  tunneling  structure  and  demonstrate  that  phonon- 
assisted  transmission  may  play  considereably  lower  role  in  interband  structures 
than  in  intraband  based  devices  as  a  result  of  the  symmetry  difference  between 
electron  and  hole  states. 
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INTRODUCTION 


Quantum  microstructures  can  be  designed  to  achieve  arbitrary  spectra  of  elec¬ 
trons  and  phonons  and  are  flexible  to  geometrical  confinement  providing  new  win¬ 
dows  for  technological  innovation.  In  the  present  paper  we  address  transport  phe¬ 
nomena  in  nanostructures  with  confined  electron  states  where  multiply  Negative 
Differential  Resistance  occur  with  high  peak  to  valley  ratio.  In  such  systems  with 
localized  states  electrons  move  in  the  direction  of  the  electric  field  by  hopping  from 
one  state  to  another  due  to  scattering. 

We  discuss  two  types  of  structures.  One  of  them  is  the  quantum  box  superlat¬ 
tice  (QBSL)  recently  proposed  to  control  phonon  scattering  [1,  2].  We  investigate 
the  conductance  mechanisms  in  QBSL  and  predict  a  set  of  minima  (antiresonances) 
in  the  current- volt  age  characteristics  due  to  the  momentum  selection  rule  for  the 
interaction  of  acoustic  phonons  with  the  Wannier-Stark  (WS)  localized  electrons. 
We  also  discuss  the  onset  of  anti  resonances  due  to  the  gaps  in  folded  phonon  spec¬ 
trum  and  analize  resonant  hopping  of  electrons  between  localized  states  due  to 
elastic  and  optical  phonon  scattering.  We  find  that  not  only  electron  but  also 
phonon  confinement  can  be  observed  in  conductance  experiments. 

Another  system  we  consider  is  the  resonant  interband  tunneling  structure  with 
confined  electron  and  hole  states.  With  improved  resolution  in  crystal  growth  and 
delta-doping  techniques  such  structures  attracted  renewed  attention.  For  example, 
Negative  differential  resistance  (NDR)  due  to  resonant  interband  tunneling  (RIT) 
with  large  peak- to- valley  current  ratios  has  been  demonstrated  in  two-terminal 
devices  [3].  Several  proposals  for  RIT-based  transistors  with  important  applica¬ 
tions  in  digital  and  microwave  systems  have  been  reported[4].  One  of  the  essential 
issues  for  implementing  RIT  device  into  practical  applications  is  the  ability  to  con¬ 
trol  the  level  of  dissipation  during  the  device  operation.  Specifically,  the  limit  of 
the  valley  current  in  resonant  tunneling  electronic  devices,  and,  correspondingly, 
the  lowest  achievable  power  dissipation  is  determined  by  phonon-assisted  transi¬ 
tions.  We  demonstrate  that  electron  transport  in  devices  with  confined  electron 
and  hole  states  may  be  considered  as  hopping  conductance.  We  show  that  the 
electric  current  in  RIT  structures  induced  by  interband  phonon  transitions  may 
play  considerably  lower  role  in  device  operation  than  the  phonon  induced  current 
in  structures  based  on  intraband  tunneling.  We  find  that  the  phonon  contribu¬ 
tion  could  be  substansially  reduced  by  the  appropriate  choice  of  the  compound 
semiconductor  materials  forming  the  confining  channel  for  electrons  in  the  active 
region  of  the  device. 

HOPPING  CONDUCTANCE 

Scattering-assisted  transport  between  localized  electron  and  hole  states  may 
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be  considered  as  an  electron  hopping  process:  carriers  interact,  for  instance,  with 
phonons  to  hop  from  one  localized  state  to  another.  The  presence  of  the  electric 
field  creates  an  imbalance  between  the  net  transition  of  earners  from  the  left  to 
the  right  and  from  the  right  to  the  left  which  results  in  the  charge  tranfer.  We 
describe  the  hopping  conductance  by  the  following  formula 

.  a.a',N,N' 

where  z^N-Za'  N'  is  the  electron  displacement  (the  hopping  length)  upon  the  scat¬ 
tering  (a,iV  N  stands  for  the  set  of  indices  describing  the  transverse 

states,  a,  a'  are  indices  describing  logitudinal  states.  is  the  scattering  prob¬ 

ability.  The  transverse  states  are  size  quantization  levels  for  spatial  confinement  in 
QBSL  and  Landau  levels  for  magnetic  confinement  of  conventional  superlattices. 
Longitudinal  states  are  the  Stark  ladder  levels  if  the  superlattice  is  in  the  regime  of 
the  Wannie-Stark  localization.  In  resonant  tunneling  interband  devices,  the  trans¬ 
verse  states  are  2D  components  of  the  electron  wavevector,  and  the  longitudinal 
states  are  size  quantization  levels  for  electrons  and  holes,  respectively.  Eq.l  was 
applied  in  the  past  for  hopping  conductance  in  disordered  doped  semiconductors 
[5]  and  for  conventional  superlattices  in  strong  electric  field  [6]. 

For  elastic  processes  (due  to  impurities,  surface  or  interface  roughness)  the 

scattering  probability  is 

-  E,,„,)(Un  -  Un’),  (2) 

where  the  electron  energy,  is  the  scattering  matrix  element  (IVI"  ac- 

counts  for  the  number  of  defects  and  their  correlation),  fo,N  is  the  nonequihbrium 
electron  distribution  function.  For  phonon-assisted  hopping 

CZ'i,  is  the  electron-phonon  scattering  amplitude,  u;,  and  Ng  are  the  phonon 
frequency  and  the  occupation  number.  Eq.(3)  accounts  for  spontaneous  emission, 
emission  and  absorption  of  phonons. 

Evaluating  the  current  as  due  to  hopping  processes,  we  explicitly  take  into 
account  the  perfect  structure  of  a  system,  include  direct  tunneling  between  wells 
in  a  spectrum  and  wavefunctions  of  localized  states  and  consider  impurities,  Huc- 
tuations  and  inelastic  scattering  as  a  perturbation.  This  procedure  in  many  cases 
may  be  more  adequate  for  the  description  of  microstructures  than  the  calculation 
of  the  current  due  to  direct  tunneling.  It  is  especially  important  when  the  electric 
field  in  a  device  cannot  be  considered  as  a  perturbation,  for  instance,  in  the  regime 
of  the  negative  differential  conductance.  Electric-field -independent  part  of  tunnel¬ 
ing  between  electron  states  also  may  be  conveniently  considered  as  perturbation 
within  hopping  conductance  formalism. 
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QUANTUM  BOX  SUPERLATTICES 

In  one-dimensional  array  of  quantum  boxes  (QB)  conductance  at  strong  electric 
fields,  in  the  Wannier-Stark  (WS)  localization  regime,  only  exists  if  the  transverse 
energy  spacing  is  equal  to  the  separation  of  WS  levels  or  differs  from  it  by  the 
phonon  energy  (Fig.l).  As  we  demonstrate  [7],  in  addition  to  such  resonances  due 
to  elastic  and  optical  phonon  scattering,  acoustic  phonon-assisted-hopping  leads 
to  zero  conductance  minima. 

One  reason  for  these  minima  is  gaps  in  the  folded  phonon  spectrum.  The 
dispersion  relation  for  phonons  in  periodic  potential  is  of  the  same  form  as  Kronig- 
Penney  dispersion  relation  for  electrons.  The  phonon  spectrum  can  be  considered 
as  linear  only  at  small  wavevectors  g,  while  at  the  Bragg  plane  the  wave  velocity  is 
zero  and  a  gap  arises.  This  phenomenon  is  called  the  phonon  folding.  If  by  energy 
conservation  (Eq.3)  the  phonon  energy  tiUg  falls  into  the  gap,  the  current  vanishes 
and  plateaux  with  zero  conductance  are  observed  in  current-voltage  characteristics. 

Another  reason  for  conductance  minima  is  that  amplitudes  of  transitions 

between  QB  vanish  at  certain  values  of  the  phonon  longitudinal  momentum.  The 
probability  of  the  transition  between  QB  numbered  a  and  a'  is  proportional  to 


where  J*  is  the  Bessel  function  of  order  k,  F  is  the  electric  field,  A  is  the  bandwidth 
at  F  =  0,  d  is  the  period  of  QB  array  and  is  the  longitudinal  component  of  the 
phonon  wavevector.  If  to  describe  the  dispersion  of  acoustical  phonons  is  by  a  con¬ 
stant  speed  of  sound  s  and  to  assume  that  phonons  propagate  in  the  ^-direction, 
then  the  energy  conservation  law  given  by  ^-function  in  Eq.(3)  determines  q^,.  At 
electric  fields  F  -  ?7.Fo,  n  is  the  integer  number, 

Fq  =  27r^s/e(i^,  (5) 

phonons  are  ineffective  and  the  scattering  probability  (3)  and  the  hopping  current 
(1)  vanish.  We  have  a  specific  momentum  selection  rule  (having  its  origin  in  the 
electron  Bragg  reflection)  for  the  scattering  of  the  WS  localized  electrons.  The 
difference  between  SL  with  the  continuous  transverse  spectrum  and  QBSL  with 
the  discrete  one  is  very  important  here,  and  only  the  discrete  spectrum  results  in 
a  single  value  of  q^.  If  there  are  no  other  acoustic  phonons  in  the  structure  this 
means  the  absence  of  the  background  current  and  the  appearance  of  zero  minima 
in  the  conductance  (Fig. 2).  These  minima  will  be  observable  experimentally  if 
either  the  density  of  states  of  ID  phonons  is  essential  or  the  transverse  scattering 
formfactor  given  by 

F{qi)  =1  (6) 
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has  a  sharp  maximum  at  qx  =  0.  Such  a  maximum  is  realized  in  SL  in  magnetic 
field,  when  the  transverse  modes  are  Landau  levels.  At  the  moment  this  exper- 
imerital  geometry  is  the  best  way  to  simulate  a  Quantum  Box  Superlattice.  In 
strong  electric  field,  when  the  Wannier-Stark  quantization  is  present,  the  ID  array 
of  quantum  boxes  with  magnetic-  and  electric-field-controlled  discrete  spectrurn  is 
realized.  If  the  energy  difference  between  the  initial  and  final  WS  levels  satisfies 
the  antiresonant  condition,  electron  hopping  occurs  between  partially  filled  Landau 
levels  with  the  same  quantum  number  and  the  formfactor  is 


F{qi)  oc  e 

(7) 

where  Ib  is  the  magnetic  length.  Consequently,  the  energy 
the  form  eFd  ~  Tisq^,  if  the  inequality 

conservation  law  takes 

eFdfhs  >  gj.  ~ 

(8) 

or 

[eFdflms^  >  huj,, 

(9) 

where  cu,  is  the  cyclotron  frequency,  is  satisfied.  One  sees  that  m  high  electric 
fields  only  the  q,  component  of  the  phonon  momentum  is  relevant  and  therefore 

hopping  current  reaches  a  minimum.  .i\  •  j.u 

We  note  that  in  the  case  of  the  folded  phonon  spectrum^  Eqs  (3,4)  give  the 
condition  for  current  vanishing  in  the  vicinity  of  gaps.  Interestingly,  current  peaks 
may  arise  due  to  the  phonon  "defects”,  which  levels  fall  inside  the  folded  phonon 
gap.  These  phonon  modes  come  from  the  potential  fluctuations. 


RESONANT  TUNNELING  DEVICES 

We  have  also  applied  [8]  the  hopping  conductance  model  to  a  RIT  structure 
which  consists  of  a  heavily-doped  p-n  junction  of  a  low-gap  material  (GaAs)  sand¬ 
wiched  between  a  high-gap  material  (AlGaAs)  (Fig.3).  The  horaojunct.on  creates 
a  narrow  tunneling  barrier  (similar  to  a  tunnel  diode)  between  the  conduction  and 
valence  bands.  Charge  on  both  sides  of  the  tunnel  junction  is  confined  with  a 
2D  density  of  states  at  the  heterojunction  between  the  wide  gap  material  and  e 
depleted  p-n  junction.  This  structure  is  similar  to  a  BiTFET  bipolar  tunneling 
field-effect  transistor)  where  tunneling  is  transverse  and  controlled  by  an  external 
gate  bias  [9].  Heterojunctions  form  a  barrier  which  efficiently  reduces  thermionic 
emission  cmrent  of  minority  carriers.  In  these  conditions  NDR  which  occurs  when 
two  quantized  electron  and  hole  states  cease  to  overlap,  is  expected  to  be  abrupt 

with  a  large  peak  to  valley  ratio  [10].  ,  r  ,  u  i 

Although,  as  a  result  of  several  overlapping  electron  and  hole  channels,  rnul- 
tiple  negative  NDRs  with  large  peak- to- valley  ratios  have  been  predicted  for  this 
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structure  [9,  10],  we  only  consider  one  overlapping  electron  and  (light)  hole  channel 
in  the  present  analysis.  Moreover,  since  elastic  resonant  tunneling  between  elec¬ 
tron  and  heavy  hole  channel  is  negligible  compared  to  the  light  hole  process  [10], 
we  only  examine  in  phonon-assisted  tunneling  between  an  electron  and  a  light  hole 
state,  which  is  expected  to  be  the  main  contribution  to  phonon-assisted  current. 
Owing  to  the  high  2D  channel  conductance,  carriers  are  assumed  to  be  immedi¬ 
ately  collected  in  the  terminal  current  flowing  parallel  to  the  interface,  once  they 
have  tunneled. 

For  the  sake  of  simplicity  we  also  assume  the  longitudinal  confinement  for 
both  carriers  is  taken  half  parabolic:  with  one  infinite  wall  representing  the  het¬ 
erojunction  and  an  infinite  parabola  branch  modeling  the  modulation  doping  po¬ 
tential  although  our  results  are  more  general  than  this  type  of  confinement.  The 
parabolic  shape  is  in  contrast  with  quasitriangular  potentials  in  FET  channels  [9], 
and  is  justified  by  small  interface  fields  resulting  from  the  low  level  of  modulation 
doping  in  AlGaAs. 

We  calculate  LO  phonon-assisted  hopping  between  electron  and  hole  states 
and  compare  the  hopping  current  (curve  2)  with  the  coherent  RT  contribution 
(curve  1)  (Fig. 4).  The  coherent  contribution  have  been  also  calculated  in  hopping 
conductance  formalism  with  matrix  elements  of  interband  transitions  determined 
by  the  Kane  Hamiltonian  [11].  Such  hopping  formalism  is  equivalent  to  the  transfer 
Hamiltonian  method  for  the  calculation  of  coherent  elastic  tunneling  [10,  12]. 

For  phonon  assisted  tunneling  transitions,  the  electric  current  may  result  from 
two  processes.  One  is  due  to  transitions  through  an  intermediate  state  in  the  same 
band  with  subsequent  direct  interband  tunneling.  The  other  process  is  a  one-step 
phonon-assisted  tunneling  across  the  homoj unction.  In  our  analysis  we  consider 
only  the  second  situation  since  the  first  case  is  more  unlikely  and,  be  specifically 
forbidden  for  optical  phonons  due  to  energy  conservation. 

The  interband  scattering  matrix  element  in  Eq.(3)  is  taken  between  the  elec¬ 
tron  <  a,  A^j  =<  e,kit  and  hole  <  a',N'\  =<  hkW  states.  These  states  are  of 
different,  js  >  and  |p  >  symmetry,  in  contrast  to  the  intraband  phonon-assisted 
tunneling  case.  We  consider  scattering  by  optical  phonons  which  is  usually  the 
dominant  scattering  mechanism  at  room  temperatures  in  semiconductor  struc¬ 
tures.  The  corresponding  matrix  elements  read 


2irnne'^  /  1 
Voq^  Ve, 


(10) 


where  0  is  the  phonon  frequency,  Ie,h  is  the  overlap  integral  between  electron 
and  hole  states  evaluated  at  the  wavevector  P  is  the  constant  of  the  Kane 
Hamiltonian  [11],  Vq  is  the  normalization  volume,  Cq  and  are  the  static  and 
dynamical  dielectric  constants  of  a  crystal  respectively  and  Eg  is  the  semiconductor 
bandgap. 
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The  last  factor  in  Eq.(lO)  accounts  for  two  contributions:  one  results  from 
the  nonconservation  of  the  longitudinal  component  of  carrier  wavevector  (the  part 
proportional  to  q^-ql)  while  the  other  one  results  from  the  evaluation  of  the  Bloch 
functions  at  finite  2D  transverse  wavevectors  (the  part  proportional  to  iq^). 

It  appears  that  the  same  (Kane)  matrix  element  characterizes  the  strength 
of  direct  tunneling  and  the  interband  phonon  tunneling.  The  latter  is  forbidden 
for  symmetry  reason  at  the  band  edge,  and  as  a  result,  the  large  denominator 
considerably  reduces  the  phonon-assisted  current.  The  ratio  between  direct 
tunneling  and  phonon-assisted  contributions  is  given  by 

jo  E'^hto 

where  hu^  is  the  level  spacing  between  size-quantized  electron  (hole)  states,  and 
m  is  the  electron  mass  which,  for  simplicity,  we  have  chosen  equal  to  the  light 
hole  mass.  This  ratio  is  usually  small  because  of  the  large  value  of  Eg.  Fig.  4a 
displays  the  phonon-assisted  current  and  Fig.  4b  shows  the  direct  and  the  phonon 
contributions  to  the  current.  We  have  chosen  the  following  parameter  values: 
m  =  0  08mo,  a  =  200A,  'huj  =  SOmeV.  When  electron  and  hole  states  cease  to 
overlap  (the  ’applied  voltage  eF  =  50meV)  direct  tunneling  drops  to  zero  (Fi_g.3 
inset),  while  phonon-assisted  transmission  still  occurs,  until  the  energy  separabon 
between  electron  and  hole  levels  is  exceeds  the  phonon  energy  {eV  <  86meV,  HU - 
36mev).  It  is  seen  that  the  phonon-assisted  tunneling  is  three  orders  of  magnitude 
lower  than  coherent  tunneling.  It  is  important  to  notice,  that  in  our  type  of  RIT 
structures  electrons  are  confined  in  direct  semiconductors  with  the  conduction 
band  located  at  the  F  symmetry  point.  By  contrast,  in  indirect  semiconductors 
the  overlap  between  the  Bloch  amplitudes  characterized  by  the  X  symmetry  in  the 
conduction  band  and  Bloch  amplitudes  of  the  valence  band  does  not  vanish  and 
would  lead  to  significant  contribution  of  phonon- assisted  tunneling  because  these 
transitions  are  no  longer  forbidden  at  the  band  edge.  Finally,  let  us  point  out  that 
estimates  of  acoustic  phonon  assisted  tunneling  indicate  that  their  contribution  is 
smaller  than  that  of  optical  phonons. 


CONCLUSIONS 

We  have  shown  that  the  influence  of  quantum  confinement  on  the  electron  and 
phonon  states  results  in  antiresonances  in  the  hopping  conductance  of  quantum 
box  superlattices.  The  momentum  selection  rule  for  the  interaction  of  phonons 
with  Wannier-Stark  localised  electrons  as  well  as  the  folded  phonon  gaps  are  to  be 
observed  in  the  magnetoconductance. 

In  RIT  structures,  Our  analysis  demonstrates  the  suppression  of  the  phonon  cur¬ 
rent  between  F-electron  and  hole  states  of  different  symmetry.  In  conjunction  with 
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the  2D  character  of  the  electron  and  hole  states  this  effect  is  predicted  to  be  re¬ 
sponsible  for  the  very  low  valley  current  observed  recently  in  RIT  structures  [3], 
which  is  mostly  determined  by  direct  tunneling  channel  between  confined  electron 
and  heavy  hole  states.  We  show  also  that  phonon-assisted  current  plays  a  much 
more  important  role  in  RIT  devices  made  of  type  II  heterostructures  with  vectorial 
symmetry  of  electron  states,  which  characterizes  some  of  the  X  oi  L  subbands. 
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Figure  1:  Schematic  representation  of  a  superlattice  with  transverse  confinement 
in  Wannier-Stark  regime. 


Figure  2;  Hopping  current  for  magnetically  confined  superlattice  in  the  conditmns 
of  partial  occupation  of  the  zeroth  Landau  level.  Fq  =  2.nkVfcm.  Curve  1:  - 

6T;  Curve  2:  B=  12T. 
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Figure  3:  Schematic  representation  of  the  Resonant  Interband  Tunneling  (RIT) 
structure  with  confined  electrons  and  hole  states. 


Figure  4:  (a)  Phonon-assisted  tunneling  current  in  RIT  device;  (b)  The  comparison 
of  direct  (1)  and  phonon-assisted  (2)  tunneling  currents  in  RIT  device. 
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Picosecond  laser  saturation  spectroscopy  method  has  been  applied  to  mvestig 
nonlinear  optical  properties  of  semiconductor  nanocrystals.  Discrete  bleaching  bands  h. 
been  observed  in  the  time-resolved  nonlinear  transmission  spectra  of  GaAs  wires 
crysotile  asbestos  nanotubes  with  average  diameter  6  nm,  in  porous  silicon  and 
nanostructures  of  CdS  crystallized  in  mica  molecular  filters.  The  increase  of  transmissior 
discrete  frequencies  has  been  attributed  to  the  saturation  of  optical  transitions  between 
energy  levels  of  electrons  and  holes  spatially  confined  within  quasi-zero-dimensio 
(quantum  dots)  and  quasi-one-dimensional  (quantum  wires)  nanostructures. 

I.  Introduction. 

In  recent  years  semiconductor  nanostructures  in  which  the  movement  of  carriers 
restricted  to  two  or  three  dimensions  -  quantum  wires  (QWRs)  and  quantum  dots  (QDs)  - 
attracting  much  interest  not  only  from  the  viewpoint  of  fundamental  physics,  but  also  h 
their  potential  application  in  electronics  and  optoelectronics.  As  the  dimensionality  is  redu 
to  one  or  zero  dimension,  giving  QWRs  or  QDs  ,  the  density  of  states  becomes  sharper  , 
narrower.  Carrier  confinement  should  lead  to  a  narrower  gain  spectrum,  higher  differential  c 
[1],  to  an  increased  exciton  binding  energy  and  lasing  from  excitons  [2],  to  enhanced  opt 
nonlinearities  [3].  So  application  of  QWRs  and  QDs  promises  the  improvements  in  performa 
of  lasers  (lower  threshold,  increased  modulation  bandwidth,  reduced  threshold  temporal 
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sensitivity),  of  transistors  (application  of  extremely  high  electron  mobility  channels),  and 
optical  switching  devices  (low  switching  energy,  fast  switching).  This  letter  reports 
observation  of  nonlinear  optical  absorption  of  GaAs  QWRs,  porous  silicon  QWRs  and  ODs  < 
nanocrystals  of  CdS  in  transparent  mica  matrix.  It  may  be  attributed  to  the  saturation 
optical  transitions  in  ID-  and  OD-structures  exited  by  powerful  picosecond  laser  pulses. 

II.  Experiment. 

For  the  nonlinear  absorption  measurements  the  samples  of  QWRs  and  QDs  were  excited 
ultrashort  pulses  at  the  second  harmonic  of  a  mode-locked  NdiYAG  laser,  with  a  pho 
energy  2.33  eV.  The  duration  of  an  individual  pump  pulse  was  about  20  ps,  and  its  inten 
reached  100  MW  !  cm^ .  The  exciting  light  was  directed  along  the  normal  to  the  surface  of 
sample  and  was  focused  into  a  spot  «200//m  in  diameter.  The  central  part  of  the  excital 
region  was  probed  by  an  oppositely  directed  focused  beam  of  "white"  light.  An  ultrashort  pi 
of  "white"  light  was  produced  by  sending  a  part  of  the  laser  beam  at  the  fundamci 
frequency  into  a  cell  filled  with  heavy  water.  An  optical  delay  line  made  it  possible  to  de 
the  probing  pulse  with  respect  to  the  exciting  pulse  and  to  measure  the  kinetics  of  the  indu 
absorption.  The  probing  light  was  detected  in  front  and  behind  the  sample  by  multichar 
optical  analyzer,  with  accumulation  of  50  pulses  and  with  energy  selection  of  the  ultrasl 
excitation  pulses  -within  an  error  ±10%.  In  these  experiments  we  measured  the  differen 
transmission  spectra 

where  T{X)  and  Tq{X)  are  the  transmission  spectra  of  the  excited  and  unexcited  sam 
respectively.  So  it  was  possible  to  eliminate  the  effect  of  the  spectral  characteristics  of 
photodetectors  on  the  final  results  and  to  reduce  the  role  played  by  an  instability  of 
spectral  composition  of  the  probing  light.  Transmission  spectra  normalized  to  the  refere 
spectra  of  the  probing  pulse  were  used  in  (1). 
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III.  Results  and  discussion. 


a).  Nonlinear  absorption  of  GaAs  quantum  wires. 

Several  methods  of  GaAs  QWRs  preparation  exist  [4|.  Most  of  them  utilize  complicated  i 
expensive  MBE  or  MOCVD  technique  together  with  etching,  application  of  prepatteri 
substrates,  cleaving  of  a  conventional  2D-structure  perpendicular  or  at  slight  angle  to 
surface.  In  the  latter  case  epitaxy  is  used  for  a  second  time  to  create  now  layers 
semiconductor  on  the  cleaved  surface  (smooth  or  atomically  stepped).  These  methods  d< 
allow  to  create  samples  containing  QWRs  whose  dimensions  are  suitable  for  linear  . 
nonlinear  optical  absorption  measurements, 

Recently  a  new  method  of  GaAs  QWRs  production  in  a  transparent  dielectric  matrix 
been  realized  [5].  Following  [6]  the  molten  material  was  injected  into  the  empty  nanomt 
radius  channels  (nanotubes)  of  chrysotile  asbestos.  The  dimensions  of  the  obtained  sami 
allowed  to  measure  the  linear  absorption.  Optical  transitions  between  the  energy  levels  of  i 
quantization  in  GaAs  QWRs  and  essential  anisotropy  of  the  absorption  of  light  polari 
parallel  and  perpendicular  to  QWRs  have  been  observed  [5] 

The  samples  containing  ultrathin  wires  of  GaAs  in  transparent  matrix  represent  a  regular 
of  closely  packed  parallel  dielectric  chrysotile  asbestos  nanotubes  (Insert  in  Fig, 2). 
measured  external  diameter  of  these  nanotubes  is  about  30  nm,  and  the  diameter  of 
internal  channels  -  6  nm.  A  regular  set  of  ultrathin  wires  has  been  prepared  by  filling  up 
internal  channels  with  molten  GaAs  that  is  a  wetting  material  for  asbestos.  The  mam  par 
GaAs  is  consentrated  in  cylinders  with  a  characteristic  size  of  about  30  nm  along  the  wire 
which  exceeds  its  diameter.  The  size  of  the  samples  is  «  300/zm  along  the  channels,  the  wi 
«200^,  the  thickens  «10/^.  To  avoid  light  scattering  the  samples  have  been  inserted  i 
transparent  glue  with  a  refractive  index  close  to  that  of  crysotilc  asbestos. 

Fig.l,  a  and  b.  shows  the  linear  absorption  (LA)  and  DT(X)  spectra  of  GaAs  wires  in  crysc 
asbestos  matrix.  Two  bleaching  bands  with  maximum  at  about  1.8  eV  and  2.2  eV  are  i 
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DT 


Z2  ZO  E,  eV  t.8 


Fig.l 

Linear  abiiorption  and 
differential  transmission 

spectra  of  GaAs  quantum  wires 
obtained  at  different  delays 
between  the  pumping  and 
probing  pulses;  ps,  2-0 

ps,  3-20  ps,  4-50  ps. 


Fig.2 

Differential  Ironsmlssion 

spectrum  of  GaAs  quantum 
wires  obtained  for  somo  parts 
of  the  excited  sample. 

Insert  -  the  structure  of 
crysotilc  asbestos  nanotubes 
containing  ultrathin  wires  of 
GuAs. 


X,nm 
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pronounced  in  DT(J.)  spectrum  (Fig.l,  b).  Their  energy  positions  coincide  with  the  position 
absorption  bands  of  LA  (Fig.l,  a)  spectrum.  The  induced  bleaching  disappears  over  50  ps. 
additional  bleaching  band  1.7  eV  in  DT(>.)  spectrum  have  been  observed  (Fig.2|  only  for  sc 
parts  of  the  excited  sample  (the  spot  sizes  of  the  focused  pump  and  probing  beams  were  1 
than  the  sample's  size).  A  corresponding  shoulder  may  be  seen  in  LA  spectrum.  The  1.7 
bleaching  band  relaxed  faster  than  the  1.8  eV  and  2.2  eV  bands.  The  time  resolution  of 
pump  and  probe  system  was  not  enough  to  measure  its  relaxation  time. 

In  bulk  semiconductors  different  nonlinear  processes  compete  and  coexist:  the  Bursti 
Moss  saturation  effect,  renormalization  of  the  energy  gap  at  a  high  density  of  cam 
bleaching  or  broadening  of  the  exciton  absorption  line,  etc.  The  increase  or  decrease 
absorption  dominates  in  the  vicinity  of  the  energy  gap  at  different  temperatures  of  the  sam; 
In  semiconductor  QDs  and  OWRs  the  only  surviving  mechanism  for  nonlinear  absorption  n 
the  lowest  resonance  is  state  filling  [3]. 

The  bleaching  bands  1.8  eV  and  2.2  eV  may  be  explained  [8]  by  the  saturation  of  opt 
transitions  between  the  lowest  energy  levels  of  size  quantized  electrons  and  holes  of  differ 
valence  bands  in  GaAs  QWRs.  The  corresponding  absorption  bands  exist  both  in  LA  spe< 
registered  in  [5]  and  in  LA  spectra  obtained  in  this  work  (Fig.l,  a). 

Within  effective  mass  approximation  combined  with  assumption  of  infinitely  deep  cyhndr 
potential  well  and  negligible  role  of  Coulomb  interaction  between  carriers,  the  energies 
transitions  between  space  quantization  levels  in  corresponding  valence  bands  and  condud 
band  are  given  by  [7]  ; 


where  E[  is  an  energy  gap  (index  "i"  defines  the  corresponding  valence  band);  Xqi  : 
^  ^  .the  effective  masses  of  electrons  and  holes;  p  is  the  radius  of  QWR, 
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Using  (2)  it  is  easy  to  show  that  for  QWRs  of  6  nm  diameter  the  1.8  eV  band  correspond' 
the  transition  between  the  highest  valence  subband  and  the  lowest  conduction  subband,  wl 
2.2  eV  band  -  to  the  split  off  by  spin  orbit  coupling  valence  subband  and  the  lowest  conduct 
subband.  So  the  1.8  eV  and  2.2  eV  bleaching  bands  may  be  attributed  to  the  saturation  of  th 
transitions.  The  observed  only  at  the  moment  of  excitation  1.7  eV  bleaching  band  may 
attributed  to  the  saturation  of  the  lowest  transition  in  QWRs  of  greater  cross  section  that  r 
be  formed  in  the  space  between  the  crysotile  asbestos  nanotubes.  The  decrease  of 
relaxation  time  of  this  band  as  compared  with  other  bleaching  bands  may  be  explained  by 
stronger  influence  of  nonradiative  surface  recombination  in  QWRs  with  greater  specific  surh 

The  observed  induced  bleaching  of  GaAs  QWRs  in  crysotile  asbestos  nanotubes  allows 

r3^  _g 

determine  the  third  order  nonlinear  susceptibility  [8];  X'  ’  =  -4.10  e.S.U. 

b).  Strong  optical  nonlinearities  of  porous  silicon. 

Silicon  which  is  widely  used  in  microelectronics  attracts  researcher’s  attention  because  of 
possible  application  in  optoelectronics.  One  possibility  is  the  prospect  for  obtaining  cffici 
visible  luminescence  in  porous  silicon  (PS)  formed  by  electrochemical  etching  of  the  origi 
bulk  material  [9].  Till  now  there  is  no  evidence  of  a  discrete  energy  spectrum  of  PS  determii 
by  quantum  confinement  in  QDs  or  QWRs.  The  linear  absorption  spectrum  of  PS  is  shiftec 
the  high  energy  side  compared  with  the  original  bulk  material.  Unfortunately  there  are 
peculiarities  determined  by  discrete  optical  transitions.  This  may  be  explained  by  signific 
inhomogeneous  broadening  of  optical  transitions  due  to  the  size  dispersion  and  different  sh 
of  nanostructures. 

In  the  present  paper  the  method  of  picosecond  laser  saturation  spectroscopy  is  applied 
measure  the  time-resolved  nonlinear  absorption  and  to  define  the  energy  spectrum  of  PS. 
nonlinear  absorption  is  less  dependent  on  surface  properties  than  the  luminescence, 
observed  increase  of  transmission  (bleaching)  at  discrete  frequencies  [10]  allows  us  to  supp 
that  the  investigated  samples  of  PS  contain  nanostructures  of  two  types:  quantum  wires  . 
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quantum  dots.  Additional  independent  measurements  with  an  electron  microscope  conf 
this  supposition. 

The  transparent  plane-parallel  platelets  10-30  pm  thick  of  PS  were  detached  from  the  n-t; 
(111)  oriented  silicon  substrate  by  briefly  raising  the  current  density  to  100  mA  !  cm  a 
customary  anodic  etching  of  the  substrate  in  50%  solution  of  HF  in  ethanol.  Their  Ran 
spectra  reveal  a  narrow  peak  at  about  517  cnT^  ,  which  is  characteristic  of  crystalline  silic 
There  were  no  bands  that  would  indicate  the  presence  of  an  amorphous  phase. 

The  linear  transmission  spectra  of  PS  platelets  at  300  K  and  80K  do  not  contain  any  featr 
even  at  80K  that  would  indicate  a  discrete  nature  of  the  optical  transitions  in  this  matei 
They  are  shifted  to  the  higher  frequency  region  compared  with  bulk  silicon  .Fig.  3,  4  sf 
differential  transmission  spectra  of  PS  sample  for  various  values  of  the  delay  between 
ultrashort  pumping  and  probing  pulses.  These  spectra  correspond  to  the  positive  values 
differential  transmission,  indicating  an  effect  of  excitation-  induced  bleaching.  This  bleach 
exhibits  a  sharp  discrete  structure  which  is  not  pronounced  in  the  linear  transmission.  Th 
relatively  narrow  bands  are  well  resolved  at  room  temperature  of  PS  at  zero  delay  with  spec 
positional  =  l6^nm,X2  =  680/2m  and  ^3  =  570«m.  As  the  delay  ^t  is  increased  to  3C 
the  ^3  band  disappears  from  the  DT  spectra  and  the  amplitudes  of  A|  and  X2 
essentially  decrease.  The  DT  spectra  of  the  cooled  (80K}  platelets  of  PS  are  more  complical 
They  contain  at  least  five  disci 

bands: =730wm,i2  =670«7w,i3  =640«/?2,i4  =590;im  and  X^=565nm.  wi 

the  delay  was  increased  the  amplitudes  of  X2 ,  A3  and  A5  bands  gradually  diminished  wi 
the  amplitudes  of  A|  and  A4  bands  were  increasing  at  At  <10  ps  and  then  decreased.  A 
30  ps  all  bands  diminished. 

The  above  data  may  be  explained  by  the  saturation  of  discrete  optical  transitions  betw 
the  energy  levels  of  space  quantization  in  silicon  nanostructures:  nanocrystals  (QDs)  and  v 
thin  wires  (QWRs)  [10].  The  density  of  states  in  a  zero  or  one-dimensional  system  is  peal 


Electrochemical  Society  Proceedings  95-17 


172 


Fig.3  The  differential  transmission 
spectra  of  a  porous  silicon  platelet 
(300K)  at  different  delays  of  the 
probing  pulse. 


Fig.4  The  differential  transmission 
spectra  of  a  porous  silicon  platelet 
(80K)  at  different  delays  of  the 
probing  pulse. 
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and  in  an  ideal  case  it  tends  to  infinity.  The  absence  of  a  corresponding  structure  in  the  lin 
transmission  spectra  is  obviously  caused  by  inhomogeneous  broadening  of  the  quantum- 
energy  levels  due  to  the  size  dispersion  of  nanocrystals  and  wires  and  variation  in  the  shape 
these  structures.  This  broadening  can  be  substantially  suppressed  in  the  nonlinear  transmiss 
spectra  because  of  a  selective  effect  of  the  narrow-band  laser  pumping  light  -  by  seled 
excitation  of  nanostructures  of  a  certain  size.  This  effect  was  previously  observed  for  C( 
nanocrystals  dispersed  in  a  glass  matrix  [11]. 

In  evaluating  of  the  energies  of  optical  transitions  in  PS  we  considered  both  types 
nanostructures:  1.  wires  which  are  long  parallelepipeds  oriented  along  the  [001]  axis  with  fac 
perpendicular  to  the  [110]  and  [110]  directions  and  2.  nanocrystals  (quantum  dots)  of  spher: 
shape.  To  get  an  idea  of  the  nature  of  optical  transitions  in  wires  of  PS  one  can  examin 
projection  of  the  band  structure  of  the  bulk  material  onto  the  one-dimensional  Brilloum  z( 
of  a  quantum  wire  [13].  Two  electron  valleys  lying  in  the  [001]  direction  form  an  indii 
minimum  with  k  =*0An/a.  The  four  electron  valleys  lying  in  the  perpendicular  directions 
projected  onto  the  center  of  the  Brillouin  zone  and  form  an  absolute  minimum  [14].  One  < 
obtain  the  energies  of  optical  transitions  in  quantum  wires  of  PS  using  (1). 

The  and  ^2  bands  in  the  DT(A)  spectra  (Fig.3)  and  and  ^  bands  {Fig.4)  can 
attributed  to  a  saturation  of  the  two  lowest  direct  optical  transitions  and  Em  in 

quantum  wires  of  PS.  The  high  energy  shift  of  these  bands  relative  to  Eg  allows  us  to  estim 

the  lateral  dimensions  of  the  wires  ;  L  =  2. 6-2.9  nm.  The  high  efficiency  of  the  excitation 
these  wires'  dimensions  may  arise  because  the  energy  of  a  laser  photon  is  close  to  the  ene 
of  the  third  transition  E}j12^E}^2\)-  Probably  the  ^3  bleaching  band  corresponds  to 
saturation  of  the  E^^  transition  for  thinner  wires  with  L=2.3  nm  because  the  energy  of 
Ell  1  transition  is  in  resonance  with  the  pumping  photon  energy.  The  energy  positions  of 
^4  and  ^5  bleaching  bands  don't  allow  us  to  explain  them  by  saturation  of  the  hig 
^h{l)\2i^h{l)2\)  transitions  in  quantum  wires  of  2.3-2.9  nm  lateral  dimensions. 


Electrochemical  Society  Proceedings  95-17 


174 


have  supposed  that  in  our  PS  samples  nanocrystals  (QDs)  may  exist  side  by  side  with  t 
wires  and  that  these  bleaching  bands  arise  due  to  the  saturation  of  the  lowest  transition? 
quantum  dots.  In  this  case  it  is  possible  to  estimate  the  average  radius  of  nanocrystals:  R 
nm.  The  existence  of  nanostructures  of  both  types  is  confirmed  by  the  results  of  independ 
measurements  using  a  transmission  electron  microscope  [10]  The  PS  sample  contains  t 
wires  oriented  in  all  directions  with  2-10  nm  lateral  dimensions.  The  size  dispersion  of 
nanocrystals  is  almost  the  same. 

c).  Optical  and  nonlinear  optical  properties  of  CdS  nanostructures. 

A  new  method  allows  to  create  nanostructures  of  different  size  by  crystalliz 
semiconductor  inside  empty  channels  of  the  transparent  matrix.  CdS  was  crystallized  in 
channels  of  mica  (in  molecular  filters)  made  by  preliminary  ion’s  bombardment  us 
accelerator.  The  size  of  the  channels  and  consequently  of  the  nanostructures  depends  upon 
type  of  the  ions  and  their  energy. 

The  linear  absorption  spectrum  of  mica  matrix  whose  empty  channels  have  been  filled  ^ 
crystallized  CdS  is  presented  in  Fig.5.  The  observed  two  "hills"  in  the  vicinity  of  2,6  and  ' 
eV  may  be  explained  by  optical  transitions  in  QWRs  with  7  nm  average  diameter  or  QDs  y 
9  nm  diameter:  quantum  confined  holes  of  the  A  and  C  valence  bands  -  quantum  confi: 
electrons  of  the  conduction  band.  The  measured  size  of  the  holes  in  mica  does  not  exceed 
nm.  The  bleaching  band  with  relaxation  time  about  100  ps  (Fig. 6)  has  been  registered 
differential  transmission  spectra  pointing  at  strong  nonlinearity  of  CdS  nanostructures. 

IV.  Conclusions. 

Strong  and  fast  nonlinearity  have  been  observed  in  quantum  wires  of  GaAs,  quantum  w 
and  dots  of  porous  silicon  and  in  nanocrystals  of  CdS  in  transparent  matrix  (molecular  fi 
from  mica  with  crystallized  semiconductor  inside  the  empty  channels).  The  saturation  of  opt 
transitions  between  the  energy  levels  of  size  quantization  in  quantum  wires  and  dots  at  1: 
density  of  photoexcited  carriers  is  the  physical  process  leading  to  this  nonlinearity. 
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Abstract 

Silicon  and  carbon  nanoclusters  embedded  in  SiOj 
were  deposited  by  rf-sputtering  followed  by  Nj 
annealing  at  800®C.  Si  K-edge  and  C  K-edge  EXAFS 
suggest  that  the  two  types  of  clusters  present  are 
respectively  Si  and  C  related  materials.  Stable  blue 
photoluminescence  (PL)  from  both  types  of  cluster 
samples  were  recorded,  and  observed  by  naked  eye, 
under  excitation  power  on  a  scale  of  pW.  UV  PL  from 
C  clustered  films  was  also  recorded,  but  this  was  not 
stable  -  the  intensity  decayed  with  time.  The  si^ 
distributions  (from  1  to  4.5nm)  of  the  nanoclusters  in 
the  clustered  films  suggest  that  a  quantum-confined 
size  effect  can  also  apply  to  the  blue  PL  range. 


INTRODUCTION 


Visible  light  emission  from  elemental  semiconductor  nanostructures  has 
attracted  significant  attention  in  the  past  few  years  because  the 
photoluminescence  (PL)  is  strong  and  Ues  in  the  visible  repon,  smd  could  be 
useful  for  optoelectronics  applications.  Apart  from  the  intensively  studied 
porous  siUconi’^  and  Si  nanopowder^,  work  on  nanoclusters  of  group  IV 
elements  embedded  in  SiOj  is  one  important  area  of  study.  Previous  reports 
on  Si^-®,  C«,  and  Ge^*  clusters  embedded  in  SiOj  matrices  suggested  that 
optical  transitions  associated  with  the  fundamental  absorption  edge  of  the 
nanostructured  material  had  direct  rather  than  indirect  character,  and  there 
was  evidence  for  the  presence  of  nanocrystals  in  high-resolution  TEM  real- 
space  images.  Recently,  a  study  on  Ge  doped  SiO^  films  showed  a  large  visible 
range  of  PL,  with  PL  peaks  in  the  500  to  800nm  range  observed  from  annealed 
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Ge  nanocrystaiUtes  (with  mean  sizes  from  2-6nm),  and  weak  UV  and  blue  PL 
from  as-deposited  samples.^  From  all  of  the  nanocluster  studies,  it  has  been 
concluded  that  quantum-confinement  is  a  suitable  mechanism  for  the  strong 
blue  shift 

We  present  a  study  of  the  blue  emission  from  annealed  Si  and  C  clusters 
embedded  in  SiOj,  and  of  unstable  UV  emission  from  annealed  C  clustered 
films,  which  follows  on  firom  our  previous  work^®-”.  With  information  from 
TEM  and  both  Si  and  C  K-edge  EXAFS,  the  origin  of  the  blue 
photoluminescence  is  regarded  as  due  to  a  quantum  size  effect,  while  the 
origin  of  the  UV  emission  is  unknown  at  this  stage. 


EXPERIMENTAL 


The  semiconductor-doped  glasses  were  deposited  in  one  process  by  rf  co¬ 
sputtering  in  a  system  with  base  pressure  of  3x10  ®  mbar.  On  the  pure  SiO^  8” 
target,  between  3  and  20  pieces  of  Si  wafer  (10x10x0.3  mm^)  were  placed  in  an 
area  of  ~4”  in  diameter  to  produce  Si-cluster  samples  and,  between  5  and  16 
pieces  of  pure  graphite  rod  of  6mm  diameter  were  used  to  produce  C  clustered 
films,  to  give  films  with  a  range  of  PL  responses.  The  deposition  conditions 
were;  (1)  for  Si  clustered  films  -  3x10  “*  -  6x10*3  mbar  Ar,  400W  rf  power;  (2) 
for  C  clustered  films  -  6x10*^  -  1x10**  mbar  Ar,  500  -  1250W  rf  power.  The 
films  were  deposited  on  Si  wafer  substrates  with  a  film  thickness  of  >1  pm. 
The  samples  were  subsequently  annealed  at  800°C  for  20  min  in  a  N2 
atmosphere  flowing  at  a  rate  of  3  /  niin  L  The  PL  and  Si  K-edge  and  near 
edge  x-ray  absorption  fine  structure  (EXAFS  and  NEXAFS)  measurements 
were  performed  at  ORAL  Daresbury  Laboratory  using  stations  12.1  and  3.4 
respectively.  The  EXAFS  data  were  determined  by  the  total-yield  technique^^. 
Furthermore,  C  K-edge  EXAFS  were  obtained  in  fluorescence  mode,  on  the 
HE  -  PGM2  station  at  BESSY  Laboratory.  The  EXAFS  data  from  the 
clustered  films  do  not  contain  any  contribution  from  the  Si  substrate  as  the 
film  thickness  is  much  greater  than  the  EXAFS  sampling  depth.  For  PL  the 
tuneable  UV  source  provided  excitation  at  260nm,  300nm  and  370nm,  using  a 
bandwidth  of  lOnm  and  a  power  of  0.12  -2.7  pW  on  the  samples.  For  all  of  the 
samples,  PL  was  only  observed  from  annealed  films.  The  PL  data  has  been 
normaUsed  to  take  into  account  the  spectral  sensitivity  of  the  system  and 
variations  due  to  beam  decay.  Cluster  size  distributions  were  obtained  fi*om 
TEM  real-space  images  from  the  edges  of  tilted  samples  using  a  Jeol  JEM 
lOOCX,  The  resolution  of  this  instrument  is  -0.5  nm. 
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RESULTS  AND  DISCUSSION 


Figure  1.  PL  from  Si  ((a)  and  (b))  and  C  ((c)  and  (d))  clustered  SiOj  films. 
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Figures  1(a)  and  (b),  show  the  PL  of  two  Si-cluster  samples  1  and  2. 
Peaks  are  located  from  -420  to  495nm,  and  from  -450  to  490nm,  depending  on 
the  sample  preparation  conditions.  No  emission  was  detected  for  as-deposited 
samples.  Although  many  samples  have  been  made  in  very  different 
conations,  data  from  only  two  samples,  those  with  highest  PL  intensities,  are 
shown  here.  In  Figures  1  (c)  and  (d),  the  PL  from  C  clustered  films  (samples  3 
and  4)  are  given.  As  shown  in  (d),  both  UV  and  blue  PL  were  recorded  from 
this  sample  when  it  was  measured  a  few  hours  after  annealing.  However,  two 
days  after  the  first  measurement,  the  UV  emission  disappeared,  and  only  blue 
emission  remained.  About  half  of  the  carbon  clustered  films  made  exhibit  this 
characteristic  of  unstable  UV  PL,  although,  the  UV  PL  intensities  varied 
compared  with  the  blue  peaks.  The  blue  emission  remained  almost  constant 
over  a  period  of  6  months.  In  general  the  PL  spectra  of  all  our  samples 
consisted  of  one,  two  or  three  strong  peaks,  plus  some  smaller  peaks  which 
varied  with  deposition  conditions. 

The  Fourier  transform  of  the  EXAFS  data  shows  details  of  the  local 
structure  of  the  nanosized  Si  clusters.  In  Figure  2(a),  both  experimental  and 
theoretically-fitted  Fourier  transforms  of  as-deposited  and  annealed  Si/Si02 
(sample  1  in  Figure  1(a))  are  shown.  In  the  unannealed  material  the  Fourier 
transforms  are  very  similar  to  those  of  Si02*^,  vrith  a  Si-O  bond-length  at 
1.58A,  and  a  second  shell  corresponding  to  Si-O-Si  at  ~3,2A.  After  annealing, 
the  nearest  neighbour  partial  coordination  number  of  Si-Si  bonds  increases 
from  zero,  for  the  as-deposited  material,  to  0.6  for  the  sample  with  the  highest 
contribution  from  Si-Si  bonds.  On  the  contrary,  the  Si-O  bond  peak  in  the 
Fourier  transform  decreases  significantly.  The  second  shell  corresponding  to 
Si-O-Si  is  still  present  on  annealing,  and  a  third  shell  corresponding  to  Si-O- 
Si-O  at  -4A  emerges.  As  with  most  EXAFS  data  fits,  however,  the  4a  error  in 
the  partial  coordination  numbers  obtained  by  statistical  analysis  of  the  fit  is 
rather  high  :  +  0.5,  but  still  clearly  shows  the  existence  of  Si-Si  bonds.  Since 
the  total  coordination  number  is  4,  and  silicon  oxide  is  chemically  ordered 
both  throughout  understoichiometry  and  at  stoichiometry^^  more  than  one 
eighth  of  the  Si  atoms  are  potentially  bonded  in  elemental  Si  regions.  The  Si- 
Si  bond  length  in  the  annealed  sample  is  2.35  ±  0.02A,  as  expected,  and  the  Si- 
O  distance  at  1.58  ±  0.02A  is  within  experimental  error  of  the  expected  1.62A. 
Although  crystalline  lattice  regions  have  been  observed  by  others  in  high 
resolution  TEM  images^*®  in  similarly-prepared  materials,  our  EXAFS  data  do 
not  show  direct  evidence  for  crystallinity  :  the  firied  Debye-Waller  factors  of 
the  first  shell  Si-Si  bonds  at  about  0.006±0.003  A^  suggest  a  structure  which 
within  experimental  error  could  be  anywhere  betw^n  amorphous  and 
crystalline  for  which  the  factors  are  0.007  and  0.004  A^  respectively.  One 
interpretation  of  the  large  error  in  the  Debye-Waller  factor  is  that  the  clusters 
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a«  composed  of  crystolUne  cores  surrounded  by  disordered 
alternatively  it  could  be  a  result  of  a  range  of  amorphous-to-crys^ne 
clusters.  Either  way  the  absence  of  any  features  corres^nAng  to  secmd  i*eU 
Si-Si-Si  is  not  surprising  considering  the  small  first  shell  Si-Si  contribution 
and  the  rapid  faU  off  of  EXAFS  with  distance. 
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ncure  2.  (a)  Fourier  transformed  EXAFS  of  Si  clustered  film  -  sample  1 
in  Figure  1.  (b)  NEXAFS  of  C  clustered  film  -  sample  3  in 
Figure  1. 
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For  the  carbon  clustered  Si02  Olms,  the  C  K-edge  near  edge  EXAFS  is 
shown  in  Figure  2(b)  for  one  of  the  carbon  cluster  films.  Because  the 
quantities  of  carbon  atoms  are  quite  small  compared  to  those  of  Si  and  O 
atoms  in  the  films,  and  because  of  lower  system  sensitivity  to  carbon,  the 
NEXAFS  of  the  C  K-edge  is  fairly  noisy.  However,  the  near  edge  absorption 
still  presents  certain  important  information  about  the  states  of  carbon  bonding 
in  the  clustered  films.  The  clear  increase  of  the  absorption  peak  below  290  eV 
in  the  annealed  films  indicative  of  the  presence  of  ie  bonds,  compared  with  the 
as-deposited  films,  indicates  that  graphitic  carbon  clusters  have  formed  from 
oxygen  rich-carbon  clusters  :  the  strong  a  bond  absorption  observed  above 
290eV  could  be  a  result  of  C-O  reaction/bonding*^  and  furthermore  only  the 
annealed  clustered  films  give  off  strong  luminescence.  This  discussion  agrees 
with  the  implications  firom  O  K-edge  EXAFS  of  the  carbon  clustered  films***. 


Diameter  (nm) 

Figure  3.  The  size  distribution  of  (a)  Si  and  (b)  C  clusters  in  SiOj  matrices. 


Having  determined  the  material  species  involved  in  the  clusters,  we  can 
discuss  the  origin  of  the  blue  emission,  although  the  origin  of  the  unstable  UV 
emission  is  still  not  clear  at  this  stage.  The  size  distributions  of  the  Si  clusters 
observed  by  TEM  are  shown  in  Figure  3(a)  for  the  Si  dusters  of  sample  1  and 
(b)  for  the  C  clusters  of  the  sample  3  in  Figure  1,  respectively.  Note  that  the 
resolution  of  the  TEM  makes  estimation  of  cluster  densities  more  difficult  for 
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diametere  <  Inm.  As  expected,  based  on  a  quantum  confinement  m^el  for 
blue  emission,  the  cluster  size  is  very  small  and  there  are  no  clusters  of  size  > 
4.5nm.  Crystalline  regions  have  been  observed  in  the  diffraction  patterro 
from  samples  composed  of  large  clusters  (about  15-20  nm  diameter)  whiA 
show  emission  at  longer  wavelengths.  Since  the  blue-emitting  material 
contained  very  small  clusteis  and  the  resolution  of  the  instrument  was  •to^e'T 
high,  we  could  not  obtain  evidence  for  crystallinity  in  these  samples  by  TEM. 
However,  the  Older  parameters  from  the  EXAFS  ETs  of  Si  clusteis  are  not 
inconsistent  with  a  structure  composed  of  clusters  which  have  f 
character.  Furthermore,  the  bonding  states  assigned  to  the  C  NEXAtb 
suggest  that  the  C  clusters  have  crystalline-like  graphite  structure.  According 
to  the  theoretical  calculation  of  the  electronic  stnicture  of  sihcon 
nanocrystaUites  by  an  effective-mass  approxiinalion«  and  from  quantum 
confinements,  nanoclusters  -2.5imi  in  diameter  are  expected  to  have  a 
bandgap  of  2.25-3  eV.  The  PL  peak  energies  of  clustered  Ghns  m  W“^  ' 
2  5  eV  (495  nm)  and  ~  2.95  eV  (420  nm)  from  Si  clusters,  -2.88  cV  (430nm), 
~*2.73  eV  (455nm)  and  -2.53  eV  (490nm)  from  C  clusters,  fall  in  this  region. 

A  further  relationships  exist  between  the  density  of  clusters  observed  by 
TEM  and  the  intensity  of  PL,  in  that  stronger  PL  only  comes  from  films  with  a 
higher  density  of  clusters,  rather  than  less  clusters.  Thi^  we  have  an 
indication  that  the  existence  of  small  elemental  Si  clusters  provides  one  correct 
environment  for  greater  PL  efficiency  in  the  blue. 


SUMMARY 


We  present  a  study  of  stable  blue  and  unstable  UV  photoluminescence 
from  Nj-annealed  Si  and  C  nanoclusters  embedded  in  SiO^  matrices.  The 
clusters  are  Ukely  to  have  a  crystalline  core,  however  there  is  evidence  for  some 
disorder  surrounding  the  cores.  The  intensity  of  blue  PL  is  directly  related  to 
the  density  of  clusters.  The  size  distributions  suggest  that  the  quantum  sire 
effect  can  apply  to  blue  emission,  however,  the  origin  of  the  UV  emission  is 
unknown  at  this  stage.  The  local  structure  of  the  clusters,  e.g.  JC  bonded 
carbon,  and  crystallisation  is  important  to  emission  efficiency  based  on  the 
size  effect 
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OPTICAL  AND  ATOMIC  FORCE  MICROSCOPY  CHARACTERIZATION  OF 

Pblj  QUANTUM  DOTS 
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ABSTRACT 

Lead  iodide  (Pby  clusters  were  synthesized  from  the  chemical  reaction  of 
Nal  (or  KI)  with  in  HP,  Dp,  CH3OH,  and  C3H7OH  media.  The 

observation  of  the  absorption  features  above  350  nm  with  the  help  of 
integrating  sphere  accessary  strongly  suggests  the  quantum  dot  formation 
of  Pbl2  in  solution.  Spectral  comparison  between  the  synthesized  Pbl2 
clusters  in  solution  and  Pblj  nanophase  by  impregnation  of  PbU  in  four 
different  pore-sized  porous  silica  indicates  that  the  Pb^  cluster  size  in 
solution  is  less  than  2.5  nm  in  lateral  dimension.  Atomic  force  microscopy 
(AFM)  measurements  show  that  the  Pbl2  clusters  deposited  on  to  three 
different  molecularly  flat  surfaces  are  single-layered.  The  measured  height 
is  1.0  ±  0.1  nm.  The  swollen  layer  thickness  can  be  attributed  to  the 
intralayer  contraction  from  the  strong  lateral  interaction  among  Pbis 
molecules,  which  is  supported  by  ab  initio  calculation.*  Raman  scattering 
measurement  of  LO  and  TO  modes  of  Pbl2  in  bulk  and  in  the  confined  state 
were  also  conducted  in  50  -  150  cm  '  region.  The  observed  three  bands  ar 
74,  96,  106  cm  '  are  assigned  to  TO2,  LOj,  and  LOj  mode,  respectively. 

The  relatively  small  red-shift  in  LO  modes  may  be  caused  by  the  surface 
phonon  polaritons  of  Pbl2  nanophase  in  the  porous  silica. 

INTRODUCTION 

The  study  of  nanophase  materials  physically  confined  in  various  hosts  has  attracted 
much  attention  in  recent  years.  Depending  upon  the  physical  properties  of  the  confining 
hosts  and  the  nature  of  the  confined  materials,  many  unique  mechenical,  thermal,  and 
optical  properties  have  been  observed  and  are  related  to  the  different  types  of  confinement 
effects.  The  physical  confinement,  interfacial  energy  at  the  guest-host  boundanes,  and  the 
reduction  of  the  confined  particle  size  can  lead  to,  for  example,  modification  of  materials' 
hardness  and  depression  of  the  melting  and  freezing  transition  temperatures.  The  quantum 
confinement  of  the  free  electrons  in  metals  and  the  excitons  in  semiconductors  can  result 
in  the  observation  of  the  colorful  surface  plasma  resounance  and  the  shifts  of  the  band  gap. 
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Dielectric  confinement  due  to  the  confining  hosts  provides  the  means  to  tune  the  surface 
plasma  resoumance  frequencies  and  to  enhance  the  nonlinear  optical  effects  at  interface 
by  changing  the  dielectric  constant  of  the  confining  hosts.  In  addition,  the  observation  of 
the  surface  phonon  polaritons  is  also  due  to  the  dielectric  confinement  effects.  However, 
it  is  unfortunate  that  these  forementioned  confinement  effects  are  in  effect  at  same  time  so 
that  a  clear  fundamental  understanding  of  what  exact  role  of  each  confinement  play  is  hard 
to  be  realized.  Further,  the  often  asked  question  of  how  these  confinement  effects  modify 
the  physical  and  chemical  properties  of  the  confined  materials  is  not  at  all  conclusive.  A 
clear  demonstration  of  the  cross-over  effects  from  bulk  state  to  cluster  form  has  not  yet 
been  illustrated. 

Heavy  metal  halides,  such  as  Pbl2,  form  a  unique  series  of  layered  semiconductor 
compounds.  Besides  having  potential  applications  for  y-ray  detection,  the  strong  intralayer 
chemical  bonding  and  the  weak  interlayer  van  de  Waals  interaction  have  made  these 
materials  to  be  good  candidates  for  understanding  the  cluster  formation  and  growth  in 
confining  media  and  for  the  study  of  different  types  of  confinement  effects  along  different 
crystallographic  axes. 

Sandroff  et  al}  first  investigated  layered  semiconductor  clusters  in  various  solvents. 
Based  upon  the  optical  absorption  of  a  solution  containing  Pblj  and  Bilj  clusters  and  the 
cluster  size  distribution  from  TEM  measurements,  a  single  layer  platelet-like  cluster  model 
was  proposed.  The  disrupt  blue-shifted  absorption  bands  below  350  nm  for  Pblj  in 
different  solvents  were  explained  by  charge  carrier  confinement  in  different-sized 
crystallites  with  a  single  layer  thickness.  Chher  research  groups^'^  have  re-examined  similar 
systems.  Disagreements  have  been  raised  in  terms  of  the  bands  assignments  in  UV-Vis 
spectra  which  may  result  from  the  possible  I  or  presence  in  solution.  However,  no 
efforts  have  been  made  to  understand  how  the  band  gap  is  truly  modified  when  Pblj 
semiconductor  changes  its  physical  dimension  from  small  clusters  to  its  bulk.  No  solid 
explanation  has  been  put  forward  to  account  for  the  discontinuous  blue-shift  of  the  Pbl2 
clusters  in  solution.  In  addition,  there  has  been  no  direct  experimental  evidence  reported 
in  literature  to  support  the  proposed  disk-like  single-layered  semiconductor  clusters  being 
formed  in  the  solution  phase. 

Therefore,  the  motivation  of  the  present  research  is:  i)  to  study  cluster  formation  and 
growth  mechanisms  in  the  solution  phase,  which  can  provide  information  on  ciystal  growth 
on  earth  and  in  microgravity;*  ii)  to  understand  how  the  confining  geometry  modifies  the 
physical  and  chemical  properties  of  the  restricted  clusters  in  terms  of  shape,  lattice 
parameters,  as  well  as  the  thermal  and  optical  properties;  iii)  to  provide  direct 
experimental  evidence  of  the  size  and  morphology  of  these  layered  semiconductor  clusters 
formed  in  solutions;  iv)  to  study  quantum  confinement  effect  when  Pbl2  is  physically 
confined  in  four  different  pore-sized  porous  glass,  which  serves  as  the  feed-back  to 
estimate  the  Pbl2  clusters  fromed  in  solution. 
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EXPERIMENTAL 


Synthesis  of  Pbl.  C]m\Qrs  in  SolutiQ.ns 

'  As  reported  by  others/-'  The  starting  matenals  are  Pb(N03)2  and  Nal  or  KI  which 
were  purchased  from  Aldrich  with  purity  of  99"%.  No  effort  was  made  to  further  purify 
the  materials.  Two  reasons  why  we  chose  Nal  instead  of  KI  in  most  of  our  ^xpenmen  s 
were  the  following:  1)  synthesized  Pbl^  clusters  are  insoluble  m  pure  alchol  but  NaNOa  is 
Therefore,  the  dilution  of  the  colloidal  suspended  solution  will  not  result  in  much  of  the 
alteration  of  the  formed  cluster  size;  2)  in  order  to  unembiguously  identify  Pbl^  cluster 
formation  and  cluster  sizes  with  AFM,  the  complete  removal  of  NaNO,  from  the  surfaces 
and  maintaining  the  minimal  perturbation  to  the  Pbl^  clusters  are  cntical  so  tha  SPM 
images  can  directly  reflect  the  structural  and  frictional  information  on  Pbl2  clusters 
themselves.  Both  Pb(N03)2  and  Nal  (or  KI)  were  prepared  in  same  solvent  with  known 
amount  of  molar  concentration.  Lead  iodide  clusters  were  synthesized  by  simply  mixing 
the  two  solutions  in  the  optical  cell  before  subject  to  various  measurements. 

Tmnr^pnation  of  PbL  W^ll-Tlpfined  PorouS  Glasses 

^In^order  to  understand  quantum  confinement  effect  on  Pbl2  particles,  an  alternative 
experiment  was  planned.  That  is,  to  impregnated  Pbl2  in  well-charactenzed  porous  glass 
The  detailed  impregnation  procedure  has  been  reported  elsewhere.  Only  a  bnef  outline 
is  given  in  this  paper. 

Gelsil  porous  substrates  with  2.5,  5,  10,  and  20  nm  pore  diameters  were  used  for  Pbl, 
impregnation.  The  Pbl,  was  purchased  fron  Aldrich  with  99*%  purity.  The  porous  glass 
was  first  cleaned  and  then  was  placed  into  10  mm  inner  diameter  arid  one^nd  qu^^ 

tube  The  tube  was  placed  into  a  vertical  furnace.  The  glass  was  slowly  healed  to  450C  in 
6  hrs  and  then  was  cooled  down  to  HOC.  A  sufficient  amount  of  Pblj  powder  was  loaded 
into  a  smaller  glass  tube  with  open  ends.  Then  the  tude  containing  Pbl^  was  transported 
into  the  bigger  tude  where  the  porous  glass  was  dried.  The  system  was  heat^  again  very 
slowlv  to  450C.  The  melted  Pbl,  flew  out  the  inner  tube  and  emersed  the  porous 
substrates.  Upon  the  1  hr  soaking  in  the  molten  state  of  the  Pbl„  the  impregnated  porous 
substrate  was  slowly  cooled  back  to  room  tempeature.  The  sample  tube  was  properly 
sealed  for  characterization. 

Optical  Characterization. 

In  order  to  understand  the  solution  structure  and  cluster  formation  kinetics,  time 
resolved  and  static  UV-Vis  spectrophotometric  measurements  were  earned  on  a  Rapid 
Scan  OLIS  RSM  Spectrophotometer  and  a  Hitichi  3501  spectrophotometer.  With  O 
RSM,  a  series  of  spectra  with  time  interval  of  1-  10  ms  was  collected  in  the  spectral  range 
of  300  -  550  nm.  The  spectral  intensity  and  frequencies  were  analyzed  as  the  function  ot 
time  The  static  electronic  absorption  and  extinction  spectra  were  made  possible  with  or 
without  an  integrating  sphere  accessory  on  a  Hitachi  3501  spectrophotometer.  All  the 
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spectra  were  measured  in  1000  -  185  nm  region  with  1  nm  resolution. 

Atomic  Force  Microscopy  CAFMl 

AFM  images  in  TappingMode, constant  force,  and  laterial  force  modes  were  obtained 
with  a  Nanoscope  III  atomic  force  microscope  from  Digital  Instruments.  All  measurements 
were  performed  under  ambient  conditions  with  typical  relative  humidities  ranging  from  50 
-  60%.  Well-calibrated  E-  and  A-scanners  were  used  in  the  present  experiments.  With  A 
scanner,  atomic  scale  topography  images  of  the  hexagonal  sheet  of  Si04  in  cleavage  basal 
plane  of  Muscovite  mica  can  be  readily  obtained  on  a  freshly  cleaved  mica  surface.  By 
comparing  the  measured  value  of  the  nearest  neighbor  distance  of  the  Si04  tetrahedral  with 
the  literature  value,  the  lateral  resolution  of  the  A-scanner  on  the  atomically  flat  surface 
is  less  than  0.02  nm.  Vertical  resolution  of  both  A  and  E  scanners  in  both  tapping  and 
constant  force  modes  is  less  than  0. 1  nm.  In  order  to  further  ensure  the  consistency  in 
vertical  resolution,  as  we  reported  eslewhere,*  a  freshly  cleaved  Pblj  single  ciystal  surface 
was  imaged  which  resulted  in  the  observation  of  half  the  unit  cell  distance  on  c-axis,  i.e. 
a  single  molecular  layer  step  of  Pbl2  along  c-axis.  The  step  height  was  used  as  an  internal 
height  calibration.  The  measured  single  layer  step  height  was  0.7 ±0.2  nm  which  is  in 
good  agreement  with  0.698  nm  in  literature." 

Raman  Measurement 

Raman  scattering  measurements  of  Pbl2  in  its  bulk  and  confined  phase  in  porous  silica 
were  conducted  with  a  Spex  Raman  spectrometer,  which  is  equipped  with  a  double-grating 
monochrometer  and  Ti:Saphire  laser  pumped  with  Ar""  laser.  The  scattered  light  was 
collected  at  90“  to  the  excitation  laser  beam.  Each  spectrum  was  obtained  with  2  cm'^ 
resolution  and  1  second  integration  time,  A  water  cooled  photomultiplier  tube  was  used 
as  the  detector.  The  typical  excitation  energy  of  the  laser  was  -100  mW  at  770  nm. 

RESULTS  AND  DISCUSSION 

Optical  Characterization  of  Solution  Structure 

In  order  to  understand  solution  structure  and  to  identify  of  possible  species  present  in 
solution,  effords  were  made  to  systematically  study  i)  solvent  effect  on  reactants,  i.e.,  Nal 
and  Pb(N03)2;  ii)  solvent  effects  on  the  reaction  products,  i.e.,  Pblj  clusters  and  NaNOj; 
iii)  Pb:I  molar  ratio  effect  on  reaction  products;  and  iv)  concentration  effect  on  the  cluster 
size  formation.  In  the  following  section,  each  individual  effect  will  be  discussed 
sequentially. 

Fig.  1  illustrates  optical  absorption  spectra  of  reactants  Nal  and  Pb(N03)2  in  methnaol 
solution.  Both  solvent  and  Pb(N03)2  did  not  show  any  absorption  band  above  250  nm. 
However,  KI  solution  did  show  two  absorption  bands  at  270  and  320  nm,  respectively. 
As  pointed  out  by  Wang  and  Herron^  the  observed  two  peaks  at  -  325  and  270  nm  are 
primarily  due  to  the  absorption  of  Ij'  species  in  methanol  solution.  Similar  spectra  were 
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also  observed  for  Nal  or  KI  disolved  in  H^O,  D^O,  propanol  methanol  solution  under 
ordinary  light  irradiation.  Fig.  2  demonstrates  the  optical  spectra  of  reaction  products  by 
mixing  of  Nal  and  Pb(N03)2with  different  molar  concentration  ratio.  Three  different  Pb:I 
ratios  were  plotted  out  in  this  figure.  They  were  Pb:I  =  1:2,  1:3,  and  1:4,  respectively. 
As  the  number  of  iodine  ions  increases,  the  peaks  at  270  nm  and  320  nm  increase 
accordingly  while  a  weak  peak  at  420  nm  remained  stationary.  This  observation  further 
suggests  that  the  bands  at  270  nm  and  320  nm  were  due  to  I,'  complex  formed  in  solution 
rather  than  what  was  believed  to  be  the  signature  of  Pbla  cluster  formation  m  solution. 

In  order  to  unembiguously  identify  Pblj  cluster  formation  and  to  clearify  true 
electronic  absorption  band(s)  due  to  Pbl^  clusters  in  solution,  we  have  collected  both 
extinction  and  absorption  spectra  of  Pblj  colloidal  solution  at  four  different  concentrations. 
The  extinction  spectra  were  obtained  via  simple  transimission  spectra,  while  the  true 
absorption  spectra  were  collected  with  the  help  of  integrating  sphere  accessary.  The 
extinction  spectra,  consistent  with  the  work  reported  in  the  past,'''  showed  two  bands  at 
270nm  and  320  nm.  However,  the  absorption  spectra  clearly  showed  additional  bands 
above  350  nm,  which  were  not  observable  in  extinction  spectra,  as  shown  in  fig.  3.  In 
addition,  the  band  position  shifts  to  the  red  and  absorption  intensity  is  enhanced  as  the  Pbl2 
concentration  increases.  When  the  concentration  changed  from  5.0  to  1.0  mM/1,  ttie 
electronic  absorption  band  due  to  Pbl^  clusters  blueshifted  from  505  nm  to  420  nm.  At  0.5 
mM  concentration,  the  electronic  absorption  due  to  the  Pbl2  clusters  was  expected  to 
overlap  with  the  band  at  320  nm. 

It  is  known  that  when  the  physical  dimension  of  semiconductors  is  comparable  or 
smaller  than  their  exciton  Bohr  radii,  the  manifestation  of  the  quantum  confinement  on  the 
excitons  wiU  result  in  the  blueshift  of  the  bulk  band  gap.  For  Pbl2  semiconductor,  the  room 
tempeature  band  gap  was  measured  at  ~  515  nm  (2.4  eV)  and  the  exciton  Bohr  radius  a^ 
is  estimated  to  be  1.9  nm.  Therefore,  the  cluster  size  of  Pbl2  formed  in  methanol  solution 
is  expected  to  be  comparable  or  smaller  than  exciton  Bohr  radius  ag  =  1.9  nm.  It  needs 
to  point  out  that  the  quantum  confinement  is  predominently  in  lateral  direction  since  the 
weak  interlayer  interaction.  Van  de  Waals  forces,  results  in  the  exciton  confinement  along 
c-axis  even  in  its  bulk  crystal.  Therefore,  the  cluster  size  of  Pbl2  in  solution  refers  to  the 
lateral  dimension  or  diameter  of  the  disk-like  quantum  dots  of  Pbl2 

rnnfirmation  of  the  Existence  of  Sinele-lavered  .Pbl^  Clusters  Formed  m  golutipn 

Fig  4  shows  one  of  the  typical  TappingMode  AFM  images  of  the  Pbl2  colloidal 
solution  deposited  on  mica  surface.  It  is  clear  that  all  Pbl2  clusters  have  the  same  height 
of  1.0±0. 1  nm.  In  order  to  eliminate  any  possible  structure  alteration  due  to  the  mica 
surface7  which  can  lead  to  false  height  information,  the  same  Pbl2  colloidal  solution  was 
used  to  deposite  on  graphite  and  SAM  derivatized  mica  surfaces.  The  same  height 
information  was  also  obtained.  Therefore,  the  1.0  nm  height  of  the  image  is  considered 
to  be  the  true  height  of  the  Pblj  clusters.  It  is  also  concievable  that  the  Pblj  clusters  must 
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be  disk-like  as  discussed  in  previous  section  and  proposed  by  others.^’ Then,  the  Pbl2 
culsters  on  mica  surface  are  orientated  with  their  c-axis  perpendicular  to  the  mica  surface. 
Therefore,  the  measured  image  height  should  reflect  the  layer  thickness  of  the  Pbl2 
clusters.  Due  to  the  tip  convolution  problem,  no  attempt  has  been  made  to  resolve  the 
lateral  dimension  of  the  Pblj  clusters.  As  pointed  out  earlier,  the  measured  single  layer 
thickness  of  the  bulk  lead  iodide  is  0.7  nm,  while  the  height  of  the  Pbl2  clusters  was  1.0 
nm.  The  1.4  times  layer  thickness  expension  seems  to  be  surprising.  Ab  Initio  calculation 
calculation  of  Pbl,  and  Bilj  clusters,  on  the  other  hand,  has  shown  that  energy-optimized 
interlayer  and  intralayer  distances  of  Pb6l,2  were  11%  expanded  and  1%  contracted, 
respectively,  with  respect  that  of  the  bulk.  A  geometry  optimization  calculation  suggests 
that  the  equilibrium  interlayer  thickness  expanded  40%  while  the  intralayer  distance  was 
contracted  by  3%.  Therefore,  the  observed  1.4  times  of  the  swollen  interlayer  is  expected. 
As  it  was  argued  by  Marino  et  al}  In  the  case  of  Pb6li2  clusters  with  D3,,  point  group 
symmetry,  the  electron-rich  I  atoms  of  the  top  layer  are  arranged  in  head-on  configuration 
with  respect  to  I  atoms  at  the  bottom  layer.  For  the  bulk  Pbl2,  however,  each  I  atom  in  the 
top  layer  is  located  directly  above  the  midpoint  between  two  iodine  atoms  positioned  in  the 
bottom  layer.  Therefore,  it  was  expected  that  Pbl2  clusters  tend  to  laterally  contract  and 
to  vertically  expand. 

Optical  and  AFM  characterizations  have  provided  sufficient  evidence  that  the  Pbl2 
clusters  formed  in  methanol  solution  is  single-layered.  The  lateral  size  of  the  disk-like 
clusters,  based  on  the  quantum  confinement  of  the  excitons,  is  comparable  or  smaller  than 
that  of  the  exciton  Bhor  radius  ag  =  1.9  nm. 

Optical  Characterization  of  PbL  Impregnated  in  Porous  Glass 

Fig.  5  showed  the  electronic  absorption  spectra  of  bulk  Pbl2  and  the  Pbl2  physically 
confined  in  2.5,5,  10,  and  20  nm  pores  of  silica  substrates.  As  expected,  the  Pbl2  confined 
in  large  pores,  the  absorption  spectrum  showed  a  little  blueshift  in  band  gap.  However, 
a  noticable  blueshift  was  observed  at  ~  505  nm  when  the  Pblj  was  confined  in  2.5  nm 
pore,  which  is  consistent  with  the  quantum  confinement  theory  proposed  by  Brus.^°  By 
comparing  the  optical  spectrum  of  Pbl2  impregnated  in  2.5  nm  in  fig.  5  with  the  spectrum 
of  Pbl2clusters  synthesized  in  methanol  solution  at  5  mM  concetration  in  fig.  3,  a  same 
absorption  band  edge  was  observed.  This  observation  provided  strong  indication  that  the 
Pbl2  clusters  synthesized  in  the  methanol  solution  was  less  than  2.5  nm  in  size.  As  the 
concentration  decreases,  the  cluster  size  gets  smaller  so  that  the  absorption  band  of  the  Pbl2 
clusters  was  further  blueshifted. 

Fig.  6  illustrated  Raman  spectra  of  Pblj  bulk  and  confined  in  four  different  pore-sized 
silica  host.  There  were  three  bands  observed  in  60  -  150  cm  ’  region.  They  are  at  75,  96, 
and  106  cm  ',  respectively,  which  had  been  assigned  to  TOj,  LO2,  and  LOi  optical  phonon 
modes  of  Pbl2  crystals.  As  the  pore  size  decreases,  LO  modes  are  broadened  and  the  center 
frequencies  seem  to  be  red-shifted.  The  red-shift  of  the  band  at  106  cm'^  is  more 
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pronounced.  It  is  speculated  that  the  red-shifts  in  LO  modes  may  be  due  to  the 
enhancement  of  the  surface  phonon  modes  resulting  from  the  local  electnc  field  at  guest- 
host  interface  for  small  particles.  However,  the  experimental  results  are  further  from 
conclusive  to  make  a  claim  of  surface  phonon  observation  in  this  system.  More 
experiments  are  current  underway  to  study  surface  phonon  polartons  in  layered 
semiconductor  quantum  dots. 


CONCLUSION 

Optical  characterization  of  Pbl^  clusters  synthesized  in  methanol  solution  with 
integrating  sphere  has  unemibiguously  confirmed  the  Pbl2  cluster  formation.  A  spectral 
comparison  of  the  electronic  transitions  between  the  Pbl2  clusters  synthesized  in  solution 
and  physically  confined  in  porous  glass  suggests  that  the  cluster  size  in  solution  is  less  than 
2  5  nm  in  lateral  dimension.  This  observation  is  consistent  with  the  concept  of  strong 
quantum  confinement  sets  in  when  the  particle  size  is  comparable  or  smaller  than  the 
exciton  redius  (ag  =  L9  nm). 

AFM  measurements  of  Pbis  clusters  on  mica,  graphite,  and  CH,  surfaces  suggest  that 
the  clusters  formed  from  solution  synthesis  are  disk-like.  A  thickness  of  1.0  ±  0.1  nm 
observed  at  0.5  mM  concentration  confirms,  for  the  first  time,  that  these  clusters  are 
single-layered.  The  40%  expansion  of  the  interlayer  distance  can  be  attnbuted  to  the  finite 
size  effect  of  the  clusters.  At  small  sizes,  a  strong  intralayer  chemical  bonding  can  result 
in  the  lateral  contraction  with  respect  to  the  bulk  value  and  can  lead  to  the  expansion  in 
layer  thickness. 

LO  and  TO  modes  of  bulk  and  the  confined  PbU  were  also  characterized  via  Raman 
scattering  measurements.  The  observed  red-shifts  and  spectral  band  boradening  of  LO 
modes  (LOj  and  LO,)  may  be  attributed  to  surface  phonon  polartons  of  Pblj  nanophase  in 
the  porous  host.  However,  the  experimental  results  are  not  yet  conclusive. 
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Absorbance  ^  Absorbance 


1  Optical  spectra  of  Nal  and  Pb(N03)2in  methanol  solution, 
and  methanol  itself 
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Fig.  2  Optical  spectra  of  the  reaction  products  from  mixing  of 

Nal  and  Pb(N03)2with  different  molar  concentration  ratio. 
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Fig,  3  Absorbance  spectra  of  concentration  dependence  of  Pbl2 
in  methanol  solution. 


Fig.  4  Tapping  mode  AFM  imageof  lead  iodide  clusters  deposited 
on  mica  surface. 
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Photon  Counts  (Arb,  Units)  Absorbance  (Arb.  Units) 
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5  Electronic  spectra  of  bulk  and  the  confined  lead  iodide  in  four 
different  pore-sized  silica  substrates. 
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Fig.  6  Raman  spectra  of  the  bulk  and  the  confined  lead  iodide  in  four 
different  pore-sized  silica. 
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EFFECT  OF  HETEROINTERFACE  VIBRATIONS 
ON  ELECTRON  MOBILITY  IN  QUANTUM  WIRES 
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Department  of  Electrical  and  Computer  Engineering 
Wayne  State  University,  Detroit,  Michigan  48202 

Abstract 

A  contribution  of  heterointerface  acoustic  vibrations  to  electron  mobility 
have  been  calculated  for  quantum  wires.  Such  ’’macroscopic  deformation”  mech¬ 
anism  may  be  of  the  same  order  of  magnitude  as  the  conventional  deformation 
potential  contribution  to  mobility  but  it  shows  different  dependencies  on  the 
carrier  concentration  and  the  on  wire  sizes.  Moreover,  the  interference  between 
these  two  mechanisms  found  to  be  important. 

1.  Introduction 

It  is  well  known  and  generally  accepted  in  the  literature  that  threre  are  two  compli¬ 
mentary  mechanisms  of  electron  interaction  with  acoustic  vibration  in  a  bulk  isotropic 
materials;  1)  deformation  potential  [da)  interaction  with  the  longitudinal  phonons,  2) 
piezoelectric  [pa)  interaction  with  the  transverse  acoustic  phonons.  There  is  no  inter¬ 
ference  between  da  and  pa  mechanisms  due  to  a  7r/2  phase  shift  between  corresponding 
contributions  to  the  Hamiltonian  of  interaction  In  the  previous  publication  ^  we  have 
introduce  new  ’’macroscopic  deformation”  mechanism  (which  we  will  refer  to  as  mda) 
of  an  2D-electron  interaction  with  acoustic  vibrations.  Such  contributions  originates 
from  the  fact  that  acoustic-phonon-induced  vibrations  of  heterointerface  boundaries 
modulate  electron  quantization  energies.  The  mda-mechanism  become  important  in 
narrow  heterostructures  where  the  ratio  of  quantization  energy,  eo  =  ['Khjd)^l2m  (here 
d  is  characteristic  thickness  of  heterostructure  and  m  is  effective  mass),  to  deformation 
potential,  D,  may  be  of  the  order  of  0.1.  This  mechanism  may  be  dominant  over  the 
piezoelectric  electron-phonon  interaction  for  transverse  acoustic  phonon  emission  by 
hot  2D-electron  in  quantum  wells.  For  mda-mechanism  the  interaction  with  trans¬ 
verse  acoustic  modes  is  not  forbidden  and  the  emission  rate  of  transverse  acoustic 
phonons  is  of  the  same  order  of  piezoelectric  interaction.  The  separation  of  mda-  and 
pa- contributions  is  possible  due  to  the  difference  in  the  energy  and  the  angle  distri¬ 
butions  of  emitted  phonons.  In  recent  report  ^  analogous  mechanism  (called  here  as 
’’ripple”)  has  been  applied  to  study  the  interlevel  transitions  of  electrons  in  small  (less 
then  35nm  diameter)  quantum  dots;  mda-contributions  was  found  the  same  order  of 
magnitude  as  the  da-mechanism  and  size  dependence  of  the  relaxation  rates  versus  a 
dot  diameter  is  different  for  these  mechanisms. 

Because  the  contribution  of  the  heterointerface  vibrations  to  electron-phonon  inter¬ 
action  is  more  pronounced  for  low- dimensional  cases,  it  is  interesting  to  introduce  and 
consider  this  mechanism  for  quantum  wires  (QWIs).  The  electron  phonon-interaction 
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due  to  the  heterointerface  vibrations  of  a  QWI  is  a  new  and  the  complementary  mech¬ 
anism  to  the  conventional  low-temperature  electron-scattering  processes  by  acoustic 
phonons  in  selectively  doped  QWIs  considered  in  Here  we  presented  the  results  for 
conductivity  in  selectively  doped  rectangular  QWIs.  The  modulation  of  ground  state 
energy  level  due  to  both  opposite  pairs  of  heterointerface  vibration  was  taken  into 
account.  Both  this  {mda-)  and  usual  (da-)  contributions  are  under  consideration. 
In  contrast  with  the  conventional  situation  ®  the  interference  between  these  two  mech¬ 
anisms  is  essential.  As  a  result,  the  contribution  to  the  probability  of  an  electron  scat¬ 
tering  from  mda— interaction  is  of  order  of  60/ D  of  the  conventional  da— contribution. 

The  paper  is  organized  as  follows.  In  Sec.  II  we  introduce  the  mda— interaction 
of  ID— electrons  with  bulk  acoustic  phonons  and  analize  the  transition  probabilities 
taking  into  account  the  interference  effect  mentioned  above.  In  Sec.  Ill  the  liner- 
ized  kinetic  equation  is  transformed  to  the  one-dimensional  integral  equation  and  it’s 
solution  for  elastic  scattering  limit  is  presented.  For  this  case  we  calculated  the  con¬ 
ductivity  and  analize  the  electron  mobility  in  Sec.  IV.  Concluding  remarks  are  in  the 
last  section. 

II.  The  ’’macroscopic  deformation”  contributions 
to  electron-phonon  interaction. 

We  will  consider  a  thin  and  narrow  rectangular  QWI  with  {d^  x  dy)  cross  section 
[OZ  is  the  direction  along  QWI)  where  electron  occupy  only  the  lowest  subband  with 
parabolic  dispersion  law, 

£0®  +  £oy  +  ^p>  £oj  —  /2m,  (1) 

where  £p  =  1 2m  is  a  ID-kinetic  energy.  We  will  consider  QWI  embodied  into  a 

matrix  with  close  elastic  parameters  (like  GaAs  wire  in  AlAs  matrix)  so  that  phonons 
are  bulk-like  and  we  will  use  standard  expressions  for  the  displacement  operator  in 
(x,  g)— representation 


UQife(x)  = 


*  — eQfe(6Qfce“i-’^* -1- /i.c.) 

^  2pu}Qk 


(2) 


Here  Q  =  (q±,9)  is  phonon  wave  vector  (qi  and  q  are  its  2D-transversal  and  ID- 
longitudinal  components,  x  is  a  2D-coordinate  in  a  transverse  direction),  ujQk  is  phonon 
frequency  for  the  A;th-mode  (below  we  will  use  the  linear  dispersion  relations,  u}Qk  = 
CkQ,  with  sound  velosities  c^,  k  =  I  for  longitudinal  and  k  =  tip  for  transverse  modes), 
p  is  the  material  density.  The  anihilation  (or  criation)  operators  for  ^;th  mode  are 
bQk{oT  6qj.)  and  the  polarization  orts  eq^  are  chosen  in  the  form: 

eqi  =  q/g,  eqt,  =  (-gy/g||,g®/g||,0),  Cqf,  =  (-g^g^/ggih  “gy9®/99||>9|i/9)’  (3) 

In  ID-approximation  the  energy  of  macroscopic  deformation  interaction  is  determined 
by  the  shift  of  ground  state  energy  level  eo®  +  ^^oy  ^lue  to  vibration  of  a;—  and  j/— 
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heterointerfaces.  Under  these  approaches  mda-  and  da-contributions  to  interaction 
energy  take  forms: 


/  \  X  —  dxj'i  2£oy 

-Q.(r) 

Wd(Qfc)  =  iI>Q-UQfe(x) 


-ey  •  UQ;t(r) 


y  =  ‘^v/2 


y  ~  <^i//2 


The  meaning  of  the  vertical  lines  is  the  same  as  for  the  limits  of  ingration:  the  value 
of  the  function  taken  at  the  lower  limit  should  be  subtracted  from  the  value  of  the 
function  taken  at  the  upper  limit. 

The  transition  probability  between  electron  states  with  longitudinal  momentums 
p  and  p'  due  to  above  contributions  may  be  written  as 

WM)  =  T^\<  ap\HU<ik)  +  Mmw  >1'  X 

Qfe 

[{Nqk  +  l)S{ep  -  Ep>  kojQk)  +  NqkS^Cp  -  €p>  -  hvqk)] .  (5) 

We  will  use  simple  ground  state  electron  wave  functions  for  x—  and  y— directions  in  the 
form  j2/dj  cos['KXj/dj)  and  deformation  contribution  express  through  the  functions  ® 


For  mda—contribution  such  model  give 


siny/y 
1  -  (y/7r)2’ 


(7) 

so  that  interference  of  da—  and  mda— contributions  take  place  because  these  addenda 
are  in  the  same  phase  (usually  ^  deformation  and  piezoelectric  mechanisms  are  shifted 
in  phase  by  7r/2  and  they  give  two  independent  contributions).  As  a  result  the  tran¬ 
sition  probability  due  to  Z— mode  Wi(p,p')  include  da—  and  mda— mechanisms  and 
the  contributions  from  ti—  and  ^2— modes  to  Wt{p,p')  caused  by  the  mda— mechanism 
only.  After  substitution  (4), (6)  and  (7)  into  (5)  the  expressions  for  Wk{p,p')  take  the 
form: 

TIT-  f  \/~i  [/  -KT  ,  i\cf-  _  1  i.  .  >  . 


k{p,p')  =  j  ■ 


Nqk6{ep  -  ep<  -  •  (8) 

where  effective  matrix  elements  \Ck{Q)\^  may  be  written  for  f-,  ti—  and  t2~niodes  as 

mQt  =  |oc/(^)/(^)  -  ^/(^)  - 
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\CtM\^  = 


4£0x  gy 
dj;  q± 


_  4£oy  qx 


9-L 


(10) 


dx  ^J-Q  2  dy  q±Q  2 


(11) 


and  longitudinal  momentum  transfer  is  determined  as  g  =  (p  -  p')/h,  like  to  Eq.(8). 

Therefore,  we  have  introduced  a  new  scattering  channel  due  to  heteromterface 
vibration.  It  allows  the  electron-phonon  interaction  with  t-modes  and  introduce 
interference  between  da-  and  mda- contributions  in  Eq.(9).  This  interference  term 
is  of  order  of  {Qd,,y)D ! eox,y  to  the  conventional  da-interaction.  This  correction  in¬ 
creases  with  the  decrease  of  a  wire  cross  section  and  it  become  essential  for  narrow 
QWIs. 


III.  Expression  for  conductivity. 


Using  evaluated  above  transition  probabilities  we  can  find  electron  distribution 
function  over  ID-momentum  /p  from  linearized  kinetic  equation  with  the  electron- 
phonon  collision  integral  in  the  form 

J.-phU\p)  =  E  r  ^  lWt{p,p')fA^  -  fp)  -  W"t(p'.p)/p(i  -  /p-)!  • 

Under  a  weak  electric  field  F  along  a  QWI  the  distribution  function  /p  take  form 
/f  +  fi  where  an  additional  to  the  Fermi-distribution,  /f,  perturbation  ft  may  be 
introduced  according  to  relation 


=  —Fpxp,  X~p  =  Xp- 
m 

The  even  function  Xp  needs  be  determined  from  the  integral  equation 


/ 


;^E'^‘(P.P')(Xp-4pO  =  -f- 


-oo  27rfi 


The  conductivity  a  has  the  following  expression  through  function  Xp 

f°°  dp  2 

cr  =  2—  /  -tP  Xp, 
m  J~oo  TTft 


(13) 


(14) 


(16) 


and  the  solution  of  integral  equation  (14)  with  complicate  kernels  (9)-(ll)  need  for 

general  case.  ,  •  n  i  j.- 

For  the  case  of  strong  degenerate  electrons  when  scattering  is  practically  elastic 

(because  Ef  »  CjPf,  Pf  and  Ef  are  Fermi  momentum  and  Fermi  energy;  pF  connect¬ 
ed  with  ID-concentration  nio  through  the  relation  nw  =  2pF/7rft),  so  that  Xp  is  a 
function  of  energy  only.  The  solution  of  (14)  may  be  written  as 

Xp  =  tfS{£f  -  e)  (^®) 
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The  contribution  to  fi  from  the  <fa— mechanism  of  scattering  (which  is  denoted 
below  as  /z^)  can  be  calculated  in  analytical  form  (see  Ref.  Taking  into  the  account 
first  order  interference  corrections  from  mda— scattering  we  obtain  the  expression  for 
mobility  in  form 

=  //d  |l  +  ^  / 

sin(47/^)5-(477y)  +  sin(/y7/j,)5(U^)j  | .  (22) 

Here  we  introduce  77*, y  =  p^d^^ylh  and  1  =  {lx,ly)  ~  ^^±Ipf  is  dimentioniess  phonon 
wave  vector.  The  mda— contribution  under  consideration  in  (22)  express  through  the 
integral 

Hvyy  Vx)  =  -  J  ^xVx9{lxVx)9ilyVyY  (23) 
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according  to  relation 


=  fid 


1  +  +  ^AVv,V^)]  ■ 


(24) 


It  is  convenient  to  introduce  dimensionless  concentration  rj,  anisotropy  factor  (  and 
characteristic  energy  eo  according  to  relation 


Tj  —  -^/TlxVyj 


{'Khfldxdy 


(25) 


and  rewrite  (24)  as 

^  =  W  [1  +  ■ 

The  function  J{r},()  in  (26)  take  following  form 

J(7/,^)  =  27r  /  dzgizfx 


(26) 


I  _ 


^2^3^  _  g-2i/W0^+»)Vi 


(27) 


This  function  determins  the  dependencies  of  fi  on  electron  concentration  (through  rj) 
and  on  the  form  of  a  QWIs  (moreover  (  =  1  correspond  to  squre  QWI  while  ^  >  1 
and  ^  <  1  describe  the  case  of  ”slab-iike”  QWI).  Note,  that  J{7),()  -  J{Tj,  1/0  and 
(26)  do  not  depend  from  QWI  orientations. 

Fig  1  demonstrates  calculated  dependencies  of  mda-correction  to  mobility  on 
electron  concentration  for  different  form-factors  f  One  can  see  a  visible  changing  of 
the  mda-contribution  to  mobility  both  under  variation  of  concentration  (function  (27) 
decreases  when  g  increases)  and  for  different  form  factors.  Concentration  dependencies 
of  mobility  for  different  cross  sections  shown  on  Fig.2.  Dashed  lines  here  correspond 
the  result  without  mdo-corrections,  thus  we  have  lOslightly  different  dependencies 
from  niD-  For  QWIs  with  30 A  characteristic  size  such  corrections  will  be  in  order  of 

30-50 


V.  Concluding  remarks. 

We  considered  new  channel  of  scattering  for  ID-electrons  in  QWIs  due  to  acoustic- 
phonon-induced  heterointerface  vibration.  In  order  to  demonstrate  the  visible  effect 
of  this  mechanism  we  have  been  analyzed  the  interference  contribution  (from  da-  and 
mda-scattering)  to  mobility.  As  far  as  we  know  the  direct  measurement  of  mobility 
carried  out  for  QWIs  with  relatively  big  sizes  (and  scattering  due  to  static  inhomo¬ 
geneous  was  a  main  contribution).  In,  principle,  da-  and  mda-  contributions  may  be 
selected  from  total  mobility  due  to  their  temperature  dependence.  Optical  methods 
of  investigations  of  QWIs  give  a  new  possibilities  measurement  of  mobility  (see 
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Figure  1:  Function  (27),  which  determined  mda-contribution  to  mobility,  versus  di 
mensionless  concentration  77  for  different  form-factors. 


Figure  2:  Mobility  versus  concentration  for  Ga.45-QWIs  with  sizes:  50  X  50^1  (1) 
50  X  lOOA  (2),  50  X  150>1(3). 
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and  Refs,  therein).  Acoustic-phonon-scattering  determine  energy  relaxation  and  mda- 
contributions  may  be  essential  too  (such  relaxation  studied  both  for  QWIs  and  for 
thin  metallic  films  ®  where  mechanism  under  consideration  may  be  important). 

Note,  that  in  this  paper  we  do  not  take  into  account  some  peculiarities  of  QWIs. 
Both  simple  parabolic  dispersion  law  for  ground  electron  state  and  linear  energy  spec¬ 
trum  for  bulk-like  phonons  are  generally  accepted  (but  for  wide  QWIs  some  subband 
should  be  taken  into  account  and  modifications  of  phonon  spectra  may  be  important 
for  structures  with  different  elastic  parameters  ^°).  Quasielastic  approximation  will  be 
broken  for  low  temperatures  when  integral  equation  (14)  should  be  solved;  m  this  case 
piezoacoustic  scattering  may  be  important  too  (analogous  to  2D-case,  which  has  been 
studied  in  “).  The  influence  of  Coulomb  interaction  on  ID- conductivity  discussed 
in  several  papers  (see  but  this  reason  do  not  change  the  ratio  between  da-  and 
mda-contributions  to  momentum  and  energy  relaxation  processes.  The  influence  of 
the  heterointerface  roughness  has  also  been  discussed  before  in  a  number  of  papers; 
its  significance  depends  on  technology  used  for  fabrication  of  QWIs.  However,  it  does 
not  change  the  ratio  of  the  rates  of  da-  and  mda-  mechanisms  of  scattering. 
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Abstract  :  Temperature  variation  of  thermoelectric  power  for  one-dimensional  hole-gas 
(IDHG)  present  in  a  quantum-well  wire  (QWW)  has  been  derived  by  assuming  constant 
density-of-states  (DOS)  function  and  the  validity  of  Boltzmann  equation.  Effect  of  different 
scattering  mechanisms  with  temperature  has  been  considered.  Screening  has  also  been 
included. 

Introduction  :  Semiconductor  heterostructures  supporting  two-dimensional  electron-gas 
(2DEG)  find  extensive  use  in  high-mobility  transistors  (HEMT)  [1],  optical  and  highspeed 
logic  devices.  The  need  for  efficienct  p-type  HEMT  is  felt  for  designing  complementary 
logic  gates  in  supercomputes.  Properties  of  two-dimensional  hole-gas  (2DHG)  are  inferior 
to  those  of  2DEG  because  of  the  higher  effective  mass  of  holes  and  lower  mobility.  Recent 
epitaxial  growth  processes  [2]  have  led  to  the  growth  of  quantum-well  wires  (QWW)  sup 
porting  one-dimensional  hole-gas  (IDHG)  where  the  effective-mass  of  hole  in  the  axial 
direction  is  reduced  due  to  valence  band  anistoropy  if  proper  growth  direction  is  chosen 
[3].To  understand  the  electronic  properties  of  these  devices,  a  study  of  thermoelectric 
power  of  the  low-dimensional  carrier  system  becomes  important  because  it  gives  informa- 
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tion  regarding  the  band-structure,  density-of-states  distribution  and  the  various  scattering 
mechanisms  operative. 

In  this  paper  the  thermoelectric-power  of  IDHG  has  been  calculated  and  its  variation  with 
temperature  has  been  studied.  The  relative  contributions  of  different  scattering  processes 
have  been  calculated. 

Theory  ;  The  structure  considered  here  is  a  rectangular  quantum-well  wire  where  the  hole- 
gas  is  quantised  in  both  the  y-and  z-  directions  and  has  real  propagation  vector  along  the 
x-direction  only  that  concides  with  the  axial  direction  of  the  QWW  .  The  wave-function 
of  the  IDHG  trapped  inside  a  two-dimensional  rectangular  quantum-well  of  dimensions 
L  ^  X  L  ^  =  100  a"  X  100  a"  is  given  by  [4] 

l|J,  (x,y,z)  =sJ27l  sin  (m  n  y/L  )\|2S.y  sin  (n  Jt  z/LJs|I^  exp  (jk.x)  ....  (1) 

Where  m  and  n  are  integers,  k  is  the  wave  vector  along  x-axis,  and  L  is  the  length  of 
the  QWW.  The  integer  i  =  1  stands  for  heavy  -  holes  and  i  -2  stands  for  light  holes. 
The  quantum  -  well  is  formed  by  sandwiching  a  nearly  undoped  GaAs  of  low  band-gap 
between  highly  doped  p-type  AlGaAs  samples  of  larger  band-gap.  Lack  of  inversion 
symmetry  and  strong  spin-orbit  coupling  of  the  valence-band  structure  split  the  otherwise 
degenerate  valence-band.  The  position  of  the  Fermi  level  with  respect  to  the  energy  eigen 
values  in  the  QWW  is  such  that  the  majority  of  the  one-dimensional  holes  are  present  in 
the  spin  degenerate  highest  heavy  hole  subband  for  m=n=l,  i=l  and  are  characterised  by 
average  effective  mass  0.027  m^  [4]  The  temperature  dependent  ideal  DOS  function  for 
the  IDHG  is  g.  (E)  dE  =  1/2  (2  m  (  E^,  -E  )  dE . (2) 
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Where  E^.  is  the  valence-band  maximum  for  the  i  th  band.  This  DOS  function  is  highly 
peaked  and  has  a  singularity  near  the  top  of  the  subband.  This  singularity  is  removed  if 
the  DOS  function  is  evaluated  at  absolute  zero  of  temperature  [5].  Here  the  calculations 
are  done  at  low  temperatures  so  that  the  departures  of  the  two  values  are  insignificant. 
The  effect  of  various  scattering  mechanisms  on  the  hole-mobility  is  different  at  different 
temperatures.  The  deformation  potential  and  piezoelectric  acoustic  phonon  sacttering 
together  with  impurity  scattering  dominate  at  low  temperatures.  At  higher  temperatures  the 
polar  optic-phonon  sacttering  becomes  significant.  The  effect  of  remote  impurities  may 
be  reduced  by  interposing  undoped  AlGaAs  buffer  layer  in  the  barrier  region.  The  effect 
of  background  impurities  cannot  be  reduced.  Here,  a  buffer  layer  has  been  included  to 
eliminate  the  effect  of  remote-impurity  scattering.  These  assumptions  have  proved  to  be 
true  for  2DHG  [6] .  So  we  have  taken  these  assumptions  as  valid  in  case  of  IDHG  as  well. 
Boltzmann  transport  equation  is  assumed  to  hold  for  the  scattering  processes.  While 
evaluating  the  integrals  over  the  y  and  z  axes,  the  Momentum  Conservation  Approximation 
(MCA)  method  of  Ridley  [7]  has  been  considered.  The  approximation  gives  negligible 
errors  (  <  10%)  for  not  too  thin  wells.  The  effectiveness  of  the  MCA  method  lies  in  its 
simplicity.  The  sacttering  angle  '^for  IDHG  is  180°.  Considering  all  these  factors,  the 
relaxation  times  for  individual  scattering  mechanisms  are  given  below  : 
t  (k)'^^  =  (E,^C^32C,LL11)  [(E-E)/KJ]‘^....(3) 

C^  is  the  elastic  constant,  E^  is  the  deformation  potential  constant  and 
C,=  (2m,K0T/tT^)''^  ,  for  acoustic  phonon  scattering  . 
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For  piezoelectric  scattering, 

T(k)  'p,  =  [K^e^C^x-'^/nSn:  e„£,L  Lfi]  [4/xq'  +n:2/4L  *) 

+2/(xC/+n:V4L^)  +l/xC/+JiVL/+n:W) . (4) 

Where  x  =  (E^-E)  /  k^T  and  K  is  the  piezoelectric  constant. 

For  impurity  scattering  we  have 

T(k)-',^=[jr  m*.  k^]  [2  Ze747t  e^ej^  [l+(ka)^  (K/(ka)-K,2(ka))]  ...(5) 

where  K,  are  Bessel  functions,  Z  is  the  valency  of  the  ion,  L  =  L  =  a  and  Ng 
is  background  impurity  concentration.  Polar  optic  phonon  scattering  is  not  an  elastic 
process.  The  average  relaxtion  time  for  this  scattering  is  calculated  from  power  loss 
equations. However,  this  process  is  not  important  at  the  low  temperatures  for  which  thermo¬ 
electric  power  is  calculated  following  the  expression  for  thermopower  derived  by 
assuming  Boltzmann  equation  [7] 

S=(eT) '  [<Et>  /  <T>  -  Ep]  ...(6) 

The  hole  distribution  obeys  Fermi-Dirac  statistics. 

The  expressions  for  relaxation  time  given  by  equations  3-5  are  unscreened.  For  low¬ 
dimensional  carriers  the  effect  of  screening  becomes  very  important.  Inorder  to  include 
screening  the  dielectric  constant  present  in  the  expression  for  probability  of  scattering  is 
modified  to 

E(q-T)  =  ^(q.Ep )  (4kgT  Cosh^  (u)  ]  dE . (7) 

Where  u  =  (E^-E)  /k^T, 

£^(q,Ep)  =  +[4e2m‘^/:t'h'].  [F(q)/q].  [In  |  (q+2kp)/(q-2kp)  1  ] 
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and  F(q)  =  2/(qa)2]/{l-2Kj(qa).  J,{qa)  ] 

is  background  dielectric  constant  and  Kj  and  J,  are  Bessel  functions. 

Results  and  Discussions:  The  parameters  used  in  the  calculation  are  : 

L  =L  =100/r.  E  =9  eV.  ^=139.7  K=0.064;  e  =12.9. 

One-dimensional  hole  concentration  «10**m  '. 

The  variation  of  thermopower  (S)  with  temperature  (T)  is  shown  in  figure  1.  The 

0 

calculations  are  restricted  to  below  50  K  otherwise  the  assumptions  on  DOS  and  holes 
present  in  first  heavy  hole  subband  are  no  longer  valid. 


Fig.  1.  The  variation  of  themoelectric  power  of  one-dimensional 
hole-gas  in  a  quantum-wire  with  temperature. 
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temperature  (K) 


Fig  2:  Mobility  variation  of  IDHG  with  temperature. 

1.  Total  mobility.  2.  Deformation  Potential  Acoustic  Phonon.  3.  Piezoelectric. 

4.  Back  ground  Impurity  .  5.  Polar  Optic  Phonon 
Figure  2  is  a  plot  of  the  relative  contribution  of  the  different  scattering  mechanisms  at 
differnt  temperatures.  The  hole  distribution  follows  Fermi-Dirac  statistics.  It  is  amply  clear 
that  impurity  sacttering  is  the  dominant  mechanism  below  50“K  and  deformation  potential 
acoustic-phonon  and  piezoelectric  scatterings  also  have  considerable  effect  below  20°K. 
.  A  similar  trend  is  seen  in  the  case  of  2DHG  system  where  it  is  supported  by  experimental 
results  as  well.  So  the  three  scattering  mechanism,  viz.  impurity,  deformation  potential  and 
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piezoelectric  scatterings  are  consdiered  for  calculating  the  thermoelectric  power. 

It  is  found  from  figure  1,  that  the  thermopower  increases  with  temperatures.  The  variation 
is  almost  linear  at  low  temperatures  as  expected.  However,  the  values  are  expected  to 
saturate  at  higher  temperatures  if  polar  -  optic  scattering  is  included  .  But  at  elevated 
temperatures  the  constant  DOS  function  and  other  simplifying  assumptions  that  are  valid 
at  lower  temperatures  ,  no  longer  hold  .  The  formula  has  to  be  suitably  modified  at  higher 
temperatures. 
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MONTE  CARLO  SIMULATION  OF  THE  ^ROWTO  OF 
ONE-DIMENSIONAL  SEMICONDUCTOR  STRUCTURES 

S.  Kersulis  and  V.  Mitin 

Department  of  Electrical  and  Computer  Engineering 
Wayne  State  University,  Detroit,  USA 

The  formation  of  one-dimensional  semiconductor  structoes  on  the  top  of 
ridges  and  by  deposition  through  shadowing  mask  has  been  sunulated  by 
M^te  Carlo  technique.  The  simulation  model  mcludes  tetrahedral  latti^ 
coordination  of  semiconductor  material,  atom-atom 
second-nearest  neighbors,  and  surface  reconstruction  effects  f 
of  quantum  wires  with  the  top  (001)  or  (41 1)  surfaces  ^d  (1 11)  s  pew^s 
is  demonstrated.  The  formation  of  (111)  sidewalls  of  higher 
that  of  top  (001)  or  (41 1)  surface  has  been  obtamed  due  to  lar^r  diffusion 
coefficient  of  adatoms  on  (1 1 1)  plane.  TTie  (001)  ^d  (41 1)  surf^s  on  the 
top  of  the  ridges  have  been  obtained  of  nearly  the  same  quality,  and  the 
only  difference  has  been  noticed  in  their  shape  being  symmetric  m  (001), 
and  not  symmetric  in  (41 1)  case. 

INTRODUCTION 

The  growth  of  low-dimensional  semiconductor  structures  by  Molecul^ 

$ r.y  reSSuo.rr™s.  a  investigations  in  tins  area,  boti,  expentneotal  and 

th#*nrptica]  have  been  made  trying  to  elucidate  theiT  growth.  ,  ,  , 

The  possibiUty  to  obtain  low-dimensional  semiconductor 
throuah  shadowing  masks  has  been  investigated  intensively  dunng  past  ye^s  [1-4].  This 
meth  Ji,  already  successfully  appUed  to  homoepitaxial  Si  epdayers  [  1]  is  ^ 

S  nanrow  SiGe  quanmm  Wells  It  has  been  demonstrated  that  by  this  growth  technique 
Epitaxial  mesa  is?ands  of  high  crystalline  quality  with  sidewalls  solely  determined  by  the 
erowth  conditions  can  be  achieved  [2-3].  . 

^  The  other  technique  for  the  formation  of  semiconductor  quantum  w^es  is  Pattemmg 
of  the  (100)  oriented  substrates  with  grooves  and  ridges.  IvffiE^owth 
AlGaAs  on  V-srooved  GaAs  substrates  by  this  techmque  has  been  investigated  in  [5-13]. 
O^J^veTlnSed  along  the  [110]  direction  on  (001)  GitiVs  ™b^  ““ad 
V-^awd  profiles  with  (1 1 1)A  sidewaUs  due  to  the  anisotropicetchinp.  By  usmg  the  effect 
of  Afferent  B-owth  behavior  of  GaAs,  AlAs,  and  AlGaAs,  the  multiple  crescent-shaped 
GaAsSmm  i^es  with  a  size  of  about  (140- 160  A)  x  (400-500  A)  have  b«n  successfuUy 
2rown\t  the  bottom  of  the  V-grooves  [9-10].  Facetted  growth  of  GaAs/i^G^  epilayers 
Si  ridges  has  been  studied  in  [12-13].  Rectangular  ridges  aliped 

Qhflnedstmctures.  In  this  way,  the  quantum  wires  were  grown  in  [13]. 

^  There  is  however  a  small  number  of  publications  onpe  Monte  Carlo  ™ 

of  the  growth  of  such  semiconductor  structures.  In  [14-15],  the  growth 
surf acfwiTaLet^^^  V  groove  was  studied  by  MC  technique.  Their  model  of  facet  growth 
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during  MBE  included  growth  of  a  simple  cubic  lattice  structure  in  which  vacancies  and 
overhangs  are  forbidden,  the  so-called  solid-on-solid  (SOS)  approximation  [16].  Second- 
nearest-neighbor  interaction  was  taken  into  account  to  incorporate  facetting  behavior.  The 
effective  growth  rates  on  (100),  (1 1 1)A,  and  (1 1 1)B  of  surfaces  were  calculated  and  good 
qualitative  agreement  with  experimental  data  of  [9]  was  obtained. 

The  growth  of  GaAs  quantum-weU  wires  on  vicinal  surfaces  was  studied  by  Monte 
Carlo  simulation  in  [17-18].  An  optimum  regime  within  which  the  quality  of  quantum-well 
wire  is  maximum  was  obtained.  The  dependence  of  the  quality  of  quantum-well  wires  on 
the  direction  of  misorientation  from  the  (100)  plane  was  considered. 

THE  MODEL 

The  tetrahedral  lattice  structure  of  semiconductor  material  with  both  the  nearest- 
neighbors  and  the  second  nearest  neighbors  taken  into  account  is  incorporated  into  our 
simulation  model.  Incorporation  of  this  strucnire  in  our  simulations  of  the  growth  on  (100) 
plane  is  very  similar  to  that  proposed  in  [19].  A  set  of  two  two-dimensional  arrays  L(x,y) 
and  R(x,y)  is  used.  L(x,y)  array  indicates  the  lateral  position  on  the  surface  and  the  height 
of  surface  atoms  relative  to  an  arbitrary  substrate  reference  plane.  R(x,y)  array  is  used  to 
describe  the  effect  of  surface  reconstruction.  We  also  use  this  technique  in  our  simulations 
of  the  growth  on  (1 1 1)  and  (411)  plane. 

Four  kinetic  processes  (the  deposition  of  the  atom  on  the  surface,  the  migration  of  this 
atom  on  the  surface,  the  evaporation  of  deposited  atoms  from  the  surface,  and  the  surface 
relaxation)  are  taken  into  account.  The  complexity  of  these  kinetic  processes  is  simulated 
using  the  Arrhenius  rate  equation  for  each  of  these  processes:  R  =  Rq  exp  [-(n,  E,  +  aIj 
/  kT  7,  where  rij  and  n2  are  the  number  of  first-  and  second-nearest  neighbors,  and  Ej  and  £2 
are  the  fu-st-  and  second-nearest-neighbors  interaction  energies,  respectively.  First-  and 
second-nearest-neighbor  interaction  energies  are  among  the  most  important  parameters  in 
the  simulations.  Our  choice  of  them  was  based  on  the  experimental  data  on  the  growth  of 
Si(00 1)  indicating  the  growth  of  high  quality  Si(OOl)  surface  at  substrate  temperatures  above 
650  C  [20-23].  According  to  that,  numerical  values  used  in  the  simulation  of  the  hopping 
kinetic  process  were  chosen  to  be  Ei  =  0.6  eV,  £2  =  0- 1  eV.  Energy  terms  for  the  evaporation 
event  were  taken  to  be  £^  =  1 . 1  eV,  £2 = 0.2  eV.  The  pre-exponential  hopping  rate  or  hopping 
attempt  frequency  Rq  was  assumed  to  be  Rq  —  10^^  1/s. 

The  Monte  Carlo  algorithm  used  is  similar  to  the  fast  MBE  growth  algorithm  of 
Maksym  [24].  According  to  this  algorithm,  the  time,  type,  and  site  of  each  of  the  four  events 
mentioned  above  are  chosen  randomly  with  a  probability  of  occuirence  that  depends  on  the 
kinetic  rates  for  the  individual  events  at  each  lattice  site. 

RESULTS  AND  DISCUSSION 

The  simulation  of  the  growth  of  one-dimensional  semiconductor  structures  on  the  top 
of  ridges  formed  on  (001)  or  (411)  plane  with  (111)  sidewalls  requires  the  simulation  of  the 
growth  on  all  these  planes. 

In  Fig.  1  we  present  the  simulation  results  of  the  (001)  and  (1 1 1)  growth.  For  quan¬ 
titative  characterization  of  the  quality  of  the  growing  material,  we  have  introduced  interface 
width  (roughness)  A  [25]: 


A  =  <(/i,-</i  >)" 
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where  hi  is  the  height  of  i-th  column  of  the  structure.  The  angle  brackets  denote  an  average 
over  all  surface  sites.  A  is  expressed  in  units  of  monolayers  (ML). 

The  temporal  evolutions  of  A  at  different  substrate  temperatures  for  (001)  and  (HI) 
growth  are  shown  in  Fig.  la  and  lb,  respectively.  It  can  be  seen  that  at  T  =  700  K  the  (001) 
growth  is  clearly  rough  three-dimensional  with  A  increasing  over  the  time  (Fig.  la).  Tem¬ 
perature  range  T  =  750...800  K  can  be  called  intermediate  between  the  rough  and  smooth 
growth  modes.  In  this  temperature  regime  the  interface  width  tends  to  sa^te  in  toe 
(especiaUy  at  T  =  800  K),  and  its  value  is  much  lower  that  m  the  case  ot  r  -  /UU  K.  At  i  - 
900  K,  we  observe  smooth  two-dimensional  growth  with  A  saturated  in  time,  what  ism 
good  agreement  with  experimental  data  on  the  growth  of  Si(001)  [23,25].  Moreover,  me 
temporal  oscillations  of  A  can  be  seen  in  the  beginning  of  the  growth  at  T = 900 K,  indicating 
layer-by-layer  growth  mode. 

The  temporal  evolutions  of  interface  width  (roughness)  A  of  (1 1 1)  surface  at  the  same 
deposition  rate  (Rj  =  1.0  ML/s)  and  using  the  same  activation  energies  as  for  ((W 1)  surfa^ 
are  depicted  in  Fig.  lb.  We  can  see  from  this  figure  that  temperature  range  T  -  450...475  K 


(a) 


(b) 


Fig.  1.  Temporal  evolution  of  the  surface  roughness  during  deposition  of  ten  monolayers 
of  Si  on  (001)  (a)  and  ( 1 1 1)  (b)  surfaces  at  different  substrate  temperatures  (deposition  rate 
Rj  s=  1  monolayer/second). 
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is  intermediate  between  the  rough  and  smooth  growth  modes.  Temporal  oscillations  of  A  at 
temperatures  T  =  475  K  and  500  K  can  be  clearly  seen  in  this  graph.  The  interesting  feature 
of  these  oscillations  is  that  the  period  of  oscillations  is  about  2  sec,  which  corresponds  to 
the  time  of  deposition  of  one  complete  bilayer  at  a  deposition  rate  of  1  monolayer  per  second. 
So,  in  this  temperature  range  we  observe  not  monolayer-by-monolayer  (as  it  was  in  (001) 
case)  but  bilayer-by-bilayer  growth  mode,  what  corresponds  to  the  experimental  observa¬ 
tions  [26-28]. 

Comparison  of  temporal  evolution  of  surface  roughness  A  presented  in  Fig.  la  and  lb 
shows  that  the  transition  from  rough  to  smooth  growth  mode  for  (111)  surface  occurs  at 
lower  temperatures  than  in  the  growth  on  (001)  surface.  At  T  =  500  K  we  observe  intensive 
adatom  motion  on  the  (111)  smface  what  causes  the  growth  of  high  quality  material.  On 
the  (001)  plane  the  adatoms  are  almost  immobile  at  T  =  500  K  (they  have  very  low  diffusion 
up  to  T  =  700  K),  and  the  growth  here  is  rough  and  three  dimensional.  This  difference  in 
the  growth  on  (1 1 1)  and  (001)  surface  corresponds  to  the  experimental  data  of  [7-11]  where 
the  different  migration  length  of  Ga  atoms  on  (100)  and  (1 1 1)  surface  was  observed.  This 
result  implies  that  V-grooved  structures  or  structures  with  ridges  similar  to  those  of  [7-11] 
can  be  obtained  in  the  growth  of  silicon-like  semiconductor  materials. 

The  main  difference  between  (111)  and  (001)  surfaces  of  tetrahedral  lattice  structure 
is  that  in  the  [111]  direction  there  are  two  types  of  layers  while  in  the  [001]  direction  aU 
layers  are  equivalent.  Atoms  on  one  type  of  layer  of  surface  (111)  have  three  nearest- 
neighbors  underneath  while  atoms  on  the  other  type  of  layer  have  only  one  nearest-neighbor 
underneath  them.  Therefore,  the  hopping  rates  on  these  two  types  of  surfaces  are  different. 
For  illustration  in  Fig.  2  we  show  the  hopping  rates  for  atom  on  three  ideal  flat  surfaces: 
(001)  plane  for  atom  having  two  first-nearest  and  four  second-nearest  neighbors  (dashed 
curve),  (111)  surface  with  one  first-nearest  neighbor  and  three  second-nearest  neighbors 
(upper  solid  curve),  and  (111)  surface  with  three  first-nearest  neighbor  and  three  second- 
nearest  neighbors  (lower  solid  curve).  Large  difference  in  the  hopping  rates  on  two  types 
of  (1 1 1)  surface  (of  the  order  of  10®  -  10'^  s’^)  is  clearly  seen  from  this  figure. 


40 

lU 

< 

cc 


TEMPERATURE,  K 


Fig.  2.  Rates  of  hopping  of  an  atom  residing  on  flat  (001)  surface  with  two  first-nearest  and 
four  second-nearest  neighbors  (dashed  curve),  residing  on  (111)  surface  with  one  first- 
nearest  and  three  second-nearest  neighbors  (upper  solid  curve),  and  residing  on  ( 1 1 1)  plane 
with  three  first-nearest  and  three  second-nearest  neighbors  (lower  solid  curve). 
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The  necessity  of  the  fabrication  of  semiconductor  interfaces  with 
in  (OOn  or  (111)  surfaces  has  lead  to  attempts  to  grow  semiconductor  materials  on  (iiu;, 
(311),  (411)  and  other  surfaces.  In  particular,  the  growth  of 

on  GaAs  (4 IDA  facet  was  performed  in  [3],  The  possibility  to  achieve  ^e  fomation  of 
flL  »d  uSorGVAlo3Ga„.,As  inKrface.  using  (41 1)A  GaAs  substrate  was 

r'^'’r'we*have  simulated  the  growth  of  silicon-like  semiconductor  on  the  (411)  surface.  In 
Fig.  3  we  present  the  simulation  results  of  the  (411)  growth  at  substrate  temp^ature  T  - 
6(X)  K  for  the  deposition  rate  Rj  =  1.0  ML/s.  The  temporal  evolution  of  interface  widA 
(roughness)  A  and  filling  of  layers  during  the  deposition  of  te^onolaym  ^e  sh^n  m 
Fig  3a  and  Fig.  3b,  respectively.  It  can  be  seen  from  this  figure  that  at  T  -  6(»  K  the  ^owth 
is  tiiree-dimensional  with  many  (five,  six  or  seven)  monolayers  growing  together  at  the  same 
time  moment  (Fig.  3b),  and  surface  roughness  A  increasing  over  time  (Fig.  3a). 


(411)  T=600K 


Fig.  3.  Temporal  evolution  of  the  surface  roughness  (a),  and  fi^g  of  layers  (b)  during 
deposition  of  ten  monolayers  of  silicon  on  (411)  plane  at  T  -  600  K. 
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The  next  set  of  our  simulations  was  devoted  to  the  investigation  of  the  formation  of 
one- dimensional  semiconductor  structures. 

The  results  of  the  simulation  of  the  growth  of  the  structures  with  ridges  on  the  top  of 
(001)  plane  with  the  (111)  side  walls  at  two  different  temperatures  (T  =  700  K  and  T  =  800 
K)  are  shown  in  Fig.  4.  The  dimensions  of  lattice  simulated  were  40  x  20,  and  the  deposition 
rate  was  1  ML/s.  Hopping  rates  on  the  (001)  surface  are  lower  than  those  on  the  one  of  the 
(111)  surfaces  (Fig.  2).  That  is  why  on  the  first  stage  of  our  simulations  of  the  growth  of 


T-7O0K 


y,  atomrc  sites 


T«800  K 


y,  atomic  sites 

Fig.  4.  The  schematic  representation  of  the  structure  with  ridge  formed  on  the  top  of  (001) 
surface  with  the  (1 1 1)  side  walls  grown  at  substrate  temperature  T  =  700  K  (a)  and  T  =  800 
K(b). 
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quantum  wires  we  have  assumed  infinitely  large  difference  of  these  rates.  Due  to  tWs 
Lumption  we  obtained  flat  (111)  side  walls  at  both  temperatures  I® 

4a  and  Fie  4b  the  only  difference  between  the  results  is  the  quality  of  the  top  (001) 

T  -  W  K  than  that  of  T  =  700  K.  The  reason  of  this  difference  follows 
from  Fie  la  where  the  time  dependence  of  roughness  of  (001)  surface  substrate  tem- 
perTtie^is  showrit  cL^^  seen  from  Fig.  la  that  the  temperature  T  =  TOp  K  corresp^^ 
to  the  conditions  of  rough  three  dimensional  growth  of  (001)  surface,  ^e  at  T  -  800  K 
the  roughness  is  smaller  and  the  quality  of  a  growing  surface  is  higher.  The  major  result  of 
SSns  is  the  foimation  Sf  facets  with  (111)  side  waUs  with  clear  narrowmg  of  the 

quantm  we^<^ingud.^the  growth  of  silicon-like  semiconductor  structures  with  ridges 
r  A  fUa  of  rdi  D  «;urface  with  the  (111)  side  walls.  The  schematic  representation 

rate  was  1  ML/s  the  dimensions  of  substrate  lattice  were  20  x  40  with  x  aws  along  [1  ], 

a^dy  Sis  along  [Oil]  direction,  respectively.Theresult  of  this  sim^^^^ 
deoicted  in  Fig  4  The  width  of  quantum  wires  formed  on  the  (001)  ^d  (411J  “ 

aoproximately^the  same.  Thedifference  is  in  the  shape  of  these  structures.  While  the  quanmm 
wke  grown  on  the  ridge  on  (001)  plane  is  symmetricd, 

formftwo  different  angles  between  (111)  side  walls  and  (41 1)  substrjite^^^  (111)  s  c^e 
walls  are  flat  (due  to  enhanced  adatom  migration  on  this  surface  at  T  -  amd  (41 IJ 

"hrmeroughnesswhichiscornparablem^^^^^^ 

we  do  not  observe  the  decrease  of  surface  roughness  in  the  growth  on  (41 1)  plane. 


T-700  K 


Fig  5  The  schematic  representation  of  the  structure  with  ridge  toed  on  the  top  of  (41 1) 
surface  with  the  (1 1 1)  side  walls  grown  at  substrate  temperature  T  -  7UU  K  . 
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The  formation  of  facets  with  (111)  side  waUs  and  (001)  surface  on  the  top  of  structure  is 
clearly  pronounced  also  in  the  growth  of  quantum  wires  by  deposition  through  shadowing 
mask.  In  these  simulations  we  went  beyond  the  assumption  of  infinitely  large  difference  in 
the  hopping  rates  on  different  planes  and  simulated  the  actual  hopping  processes  everywhere 
according  to  Arrhenius  expression.  First  we  deposited  five  monolayers  of  Si  on  Si(OOl) 
surface  with  the  dimension  of  60  x  80  lattice  sites.  After  that  we  started  the  deposition  of 
Si  atoms  on  one  region  (30  x  80  lattice  sites)  of  already  formed  60  x  80  sites  (001)  surface 
at  T  =  8(X)  K.  Fig.  6  shows  the  surface  configuration  of  quantum  wire  after  the  deposition 


T-700K 


T  -  800  K 


Fig.  6.  The  surface  configui  ation  of  quantum  wire  after  the  deposition  of  six  additional 
monolayers  of  Si  on  (30  x  80)  lattice  sites  area  on  five-monolayer-thick  (60  x  80)  Si(OOl) 
"buffer  layer"  at  substrate  temperature  T  =  700  K  (a)  and  T  =  800  K  (b). 
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S  0^  demonstrate  the  possibiUty  of  the  ^owth  of  ** 

ridge  structures  as  weU  as  by  the  deposition  through  shadowing  mask. 

CONCLUSIONS 

Our  Monte  Carlo  simulations  of  the  (001)  and  (1 1 1)  growth  show  that  the 

^'"XSTtSe^stoS  of  the  growth  on  (411)  surface  oombine  the  features  of 

*^?^fstoS“*"fod"of  structures  on  the  top  of  ri-ig«  fo™^  on  (Ml)  »d 
(41 1)  ptoes  show  that  ( 1 1 1)  side  wdls  are  flat  in  both  *«  rae^OOl  )  Si  ?4n) 

the  deposition  through  shadowing  mask. 
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Abstract 

The  fabrication  of  nanostructures  in  InP/InGaAs  heterostructures  using  electron 
beam  lithography  followed  by  a  variety  of  etching  methods  is  reviewed.  The  specific 
etching  methods  utilized  here  are  reactive  ion  etching,  wet  etching,  and  thermal  free 
chlorine  etching.  Photoluminescence  spectroscopy  was  utilized  to  assess  the  optical  quaUty 
of  the  nanostructures  (quantum  wires).  Wires  fabricated  using  reactive  ion  etching 
exhibited  optically  inactive  dead  sidewall  layers  with  high  surface  recombination  velocities. 
Wet-etched  and  free-chlorine-etched  wires  show  no  evidence  of  inactive  layers  for  wires 
down  to  15  nm  in  size.  The  free  chlorine  etching  is  suitable  as  a  technique  for  transferring 
ex-situ  defined  geometries  into  substrates  for  subsequent  in-situ  selective  epitaxial 
overgrowth. 

Introduction 

Semiconductor  structures  with  nanometer-scale  dimensions  have  received 
significant  attention  over  the  last  decade  due  to  their  potential  for  exhibiting  new  physical 
phenomena.  Some  intriguing  phenomena  such  as  quantized  conductance  and  Coulomb- 
blockade  effects  have  been  observed  in  quantum  wires  and  dots,  respectively  [1].  A  strong 
attraction  in  this  field  is  that  these  phenomena  could  be  the  basis  of  future  high  performance 
devices.  For  example,  Arakawa  et  al.  [2]  have  obtained  promising  results  in  the  fabrication 
of  quantum  wire  lasers.  Success  in  the  utilization  of  nanostructures  fabricated  in  various 
material  systems  for  device  applications  depends  on  material  growth  and  processing  issues. 
Interface  disorder  and  surface  roughness  resulting  from  these  issues  are  known  to  strongly 
influence  the  reliability  of  quantum-confined  structures  [3].  High  resolution  electron  beam 
lithography  (EBL)  followed  by  some  form  of  etching  have  been  the  conventional  means  of 
fabricating  nanostructures.  The  type  of  etching  used  has  strong  impact  on  the  surface 
roughness  and  etched-sidewall  properties  of  nanostructures  [4] . 
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Over  the  last  several  years,  various  sophisticated  approaches  have  emerged  for  the 
realization  of  low  dimensional  quantum-confined  structures  in  addition  to  the  conventional 
techniques  mentioned  above.  These  latest  techniques  rely  more  on  direct  growth  of 
quantum  wires  and  dots  by  epitaxial  methods  [5,  6]  and  the  growth  on  patterned  substrates 
[7],  including  the  selective  area  epitaxy  of  nanostructures  onto  masked  substrates  [8]. 

As  mentioned  above,  for  conventional  fabrication  of  quantum  structures  involving 
etching,  the  quality  of  the  etched  surfaces  depends  largely  on  the  etching  method. 
Techniques  making  use  of  low  energy  ions  [9]  or  exclusively  chemical  mechanisms 
produce  surfaces  with  low  damage.  Epitaxial  regrowth  provides  an  avenue  for  eliminating 
surface  effects  on  etched  structures.  However,  regrowth  on  these  structures  is  not  effective 
unless  steps  are  taken  to  remove  damage  involving  crystallographic  defects  and  impurities. 
Therefore,  in-situ  etching  techniques  compatible  with  overgrowth  are  highly  desirable. 
Free  CI2  etching  [10]  which  is  based  on  exclusively  chemical  mechanisms  is  a  candidate  for 
this  application. 

In  this  paper,  we  present  our  work  on  the  fabrication  and  characterization  of 
nanostructures  in  InP/InGaAs  material  system.  Quantum  wires  are  fabricated  using  EBL 
followed  by  various  etching  techniques  ranging  from  reactive  ion  etching  to  wet  etching 
and  free  chlorine  etching.  Optical  measurements  on  InP/InGaAs  quantum  wires  fabricated 
by  these  various  techniques  have  been  performed  and  are  presented. 

Processing:  Lithography  and  Etching 

The  wires  were  fabricated  from  lattice-matched  InP/InGaAs  quantum  well 
heterostructures  grown  by  metal-organic  vapor-phase  epitaxy  (MOVPE).  A  200-nm  InP 
buffer  layer  was  grown  on  semi-insulating  InP  substrate  followed  by  a  6-nm 
Ino.53Gao.47As  quantum-well  layer  and  a  40-nm  InP  cap  layer. 

Patterning  for  quantum  wire  fabrication  was  carried  out  in  a  Cambridge  EBMF-10 
electron  beam  lithography  system  at  40  kV  with  a  probe  current  of  500  pA,  and  a  beam 
diameter  of  approximately  65  nm.  A  bilayer  resist  of  950  K  /  200  K  (  45  nm  /  60  nm 
thickness  )  PMMA  was  used  for  lift-off  and  the  developer  used  was  1 :7  MIBK/IPA.  The 
mask  material  was  chosen  according  to  the  requirements  of  the  etching  technique. 

The  etching  techniques  investigated  here  in  the  fabrication  of  quantum  structures 
include  reactive  ion  etching  (RIE),  free  CI2  etching  (FCE)  and  wet  etching  (WE).  For  the 
RIE  of  quantum  wires  (QWRs),  samples  were  first  coated  by  plasma-enhanced  chemical 
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vapor  deposition  (PECVD)  with  a  40  nm  layer  of  Si02,  and  then  patterned  by  high 
resolution  electron  beam  lithography,  followed  by  a  30  nm  Ti  evaporation  and  lift-off.  The 
Ti  mask  pattern  was  transferred  into  Si02  using  CHF3-RIE  at  a  pressure  of  40  raTorr,  a 
flow  rate  of  10  seem  and  a  self-bias  voltage  (Vdc)  of  -270  V.  Finally,  quantum  wires  were 
etched  by  CH4/H2  (1:3)  RIE  at  a  pressure  of  30  mTorr,  a  total  flow  rate  of  40  seem  and  a 
self-bias  voltage  of  -380  V,  to  a  depth  of  50  nm  through  the  InP/InGaAs  quantum  well. 
The  masking  materials  were  removed  by  wet  etching  using  buffered  hydrofluoric  acid 
(HF).  The  use  of  this  double  mask  is  required  due  to  the  polymer  formation  which  occurs 
in  the  CH4/H2  RIE  of  InP/InGaAs.  Fig.  1  shows  a  scanning  electron  micrograph  (SEM)  of 
a  40  nm  QWR  fabricated  using  this  technique. 


Fig  1  -  SEM  of  a  40  nm  Ino,53Gao.47As  QWR  fabricated  using  CH4/H2  RIE. 

For  the  wet  etching  of  QWRs,  the  epitaxial  structure  used  included  an  additional  2- 
nm  Ino.53Gao.47As  cap  layer.  A  30- nm  layer  of  Ti  deposited  as  above  was  used  as  a  mask 
for  the  H3P04:H202:H20  (1:1:40)  etch  of  the  InGaAs  cap  layer.  This  InGaAs  layer  acts  as 
an  ideal  mask  (there  is  negligible  undercut  of  the  mask)  in  the  selective  crystallographic  etch 
of  InP  by  HC1:H20  (1:1).  The  reverse-mesa  etch  profile  defines  the  final  width  of  the 
quantum  wires.  In  addition,  the  use  of  crystallographic  etchants  was  shown  to  reduce  the 
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(b) 

Figure  2  -  (a)  SEM  of  a  15  nm  shallow  wet-etched  QWR  fabricated  using  crystallographic 
wet-etching,  (b)  SEM  of  deep-etched  QWR  structures  fabricated  using 
crystallographic  wet  etching. 
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fluctuation  in  the  wire  present  in  the  original  mask  [4].  The  InGaAs  quantum  well  region  is 
then  etched  as  above,  defining  a  shallow-etched  QWR.  Figure  2(a)  shows  a  SEM  of  a  15 
nm  shallow  wet-etched  QWR.  A  further  step  consisting  of  the  selective  crystallographic 
etch  of  InP  in  a  solution  of  HCl:CH3COOH  (1:20)  allows  us  to  obtain  deep-etched  QWR 
structures  as  shown  in  Fig.  2(b). 

Free  CI2  etching  is  based  on  the  thermal  desorption  of  indium  and  gallium  chlorides 
that  are  formed  on  the  semiconductor  surface  when  it  is  exposed  to  CI2.  FCE  is  an 
attractive  technique  for  the  fabrication  of  buried  structures  because  there  are  no  energetic 
ions  involved.  In  addition,  it  is  possible  to  selectively  overgrow  the  etched  structures  in- 
situ  if  a  compatible  mask  material  is  used.  We  have  characterized  the  free  CI2  etching  of 
InP  and  InGaAs  as  a  function  of  temperature  and  pressure  in  order  to  investigate  the 
application  of  this  technique  to  the  fabrication  of  quantum  structures  [10].  Figure  3(a) 
shows  a  SEM  of  a  typical  profile  for  the  FCE  of  InP.  Quantum  wires  were  defined  by  high 
resolution  electron  beam  lithography  followed  by  Ti  or  Si02  evaporation  and  lift-off.  The 
etching  was  performed  in  a  modified  Varian/Extrion  RE580  chemically  assisted  ion  beam 
etching  (CAIBE)  system  described  elsewhere  [12].  Chlorine  flow  during  etch  was  6  seem 
and  the  sample  temperature  was  175  °C.  Figure  3(b)  shows  a  QWR  with  a  width  of  ~  30 
nm  fabricated  using  FCE. 

Optical  Characterization 

The  quantum  wire  samples  were  studied  by  low  temperature  photoluminescence. 
The  samples  were  cooled  in  flowing  helium  vapor  to  ~5  K  in  a  Janis  Super  Varitemp 
liquidhelium  cryostat.  Photoluminescence  (PL)  was  excited  by  a  focused  514.5-nm  Ar-i- 
laser  beam  and  detected  through  a  1-m  focal  length  single-grating  monochromator  with  a  77 
K  Ge  pin  photodiode.  The  laser  was  focused  onto  the  sample  surface  by  a  single-element 
lens  through  a  small  prism  which  guided  the  laser  beam  onto  the  surface  of  the  sample  at 
normal  incidence.  The  laser  spot  size  at  the  sample  surface  was  approximately  50  |im. 
Details  of  the  setup  are  described  elsewhere  [13] 

Figure  4  shows  a  plot  of  normalized  intensity  versus  wire  width  for  the  fabricated 
wires  and  a  comparison  to  the  results  obtained  by  Maile  et  al  [14]  which  used  Ar/Oi 
reactive  ion  beam  etching  (RIBE).  The  normalized  intensity  is  obtained  by  normalizing  the 
integrated  PL  intensity  to  the  area  filling  factor  and  to  the  integrated  PL  intensity  of  the 
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reference  quantum  weU  emission.  As  shown  in  Fig.  6,  previously  reported  studies  [14]  of 
dry-etched  InGaAs/InP  open  quantum  wires  have  demonstrated  no  significant  reduction  in 


Fig.  4  -  Normalized  PL  efficiency  as  a  function  of  wire  width  for  RIE  QWRs. 

PL  efficiency  for  wire  widths  down  to  100  nm;  at  80  nm  the  efficiency  begins  to  decrease, 
and  falls  by  nearly  two  orders  of  magnitude  in  40  nm  wires.  The  reduction  of  the  PL 
efficiency  for  the  narrowest  wires  (40  nm)  fabricated  by  CH4/H2  is  about  a  factor  of  four 
less  severe  than  that  reported  for  the  dry-etched  wires  fabricated  using  Ar/02  RIBE.  To 
facilitate  quantitative  comparison  of  these  results  with  those  of  previously  published  studies 
of  QWRs,  we  have  used  a  model  involving  the  sidewall  non-radiative  surface 
recombination  and  a  "dead  layer"  [14].  The  width  of  the  "dead  layer"  obtained  for  the 
present  wires  was  19  nm.  The  surface  recombination  velocity  for  the  present  wires  is 
about  500  cm/s  (see  the  solid  curve  in  Fig.  4),  which  is  significanUy  smaller  than  the  1600 
cm/s  obtained  by  Maile  et  al  [14]  for  Ar/02  dry-etched  wires.  However,  the  optically 
inactive  layer  is  an  obstacle  that  prevents  this  etching  technique  from  achieving  active 
structures  with  dimensions  much  less  than  40  nm.  In  order  to  overcome  this  barrier.  QWRs 
fabricated  exclusively  by  wet-etching  were  investigated. 

Figures  7  and  8  shows  the  excitation  intensity  dependence  of  the  PL  spectra  for  a 
40-nm  RIE  wire  array  and  for  a  37-nm  shallow  wet-etched  wire  array,  respectively.  In 
order  to  facilitate  the  comparison  of  the  PL  line  shapes  as  a  function  of  excitation  intensity, 
aU  spectra  are  arbitrarily  normalized  to  their  strongest  intensities.  The  evolution  of  the 
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Figure  5  -  PL  spectra  for  (a)  40  nm  REE  etched  InP/InGaAs  QWRs  and  (b)  37  ntn  wet- 
etched  InP/InGaAs  QWRs  as  a  function  of  increasing  excitation  power. 
Intensities  were  normalized  to  unity. 
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spectra  as  a  function  of  excitation  intensity  is  quite  distinct  for  the  two  samples.  The  wet- 
etched  sample  has  a  substantially  larger  broadening  and  also  a  larger  shift  of  the  peak  to 
higher  energies.  In  addition,  the  same  trend  with  increasing  excitation  intensity  was 
observed  for  wires  as  small  as  15  nm.  The  high  luminescence  intensity  obtained  from 
these  narrow  WE  wires  is  consistent  with  previous  observations  [1 1,15]  and  shows  that 
the  extent  of  optical  inactive  sidewalls  is  much  smaller  than  that  observed  for  RIE  wires. 
Also,  it  shows  that  the  wet-etched  structures  have  significantly  fewer  non-radiative 
recombination  centers.  Effective  carrier  Ufetime  (i)  is  increased  when  compared  to  the  dry- 
etched  structure,  thus  allowing  a  larger  concentration  of  carriers  to  be  maintained.  In 
addition,  a  change  in  excitation  intensity  (AP)  induces  a  change  in  carrier  concentration 
(An)  given  by  An  =  AP  x.  This  change  is  larger  for  the  wet-etched  wires,  consistent  with  a 
longer  lifetime.  The  shifts  to  high  energies  of  the  peak  position  with  increasing  excitation 
and  the  broadening  on  the  high  energy  side  are  possibly  due  to  band  filling  in  k  -space  as 
well  as  real  space  filling  [16, 17]. 

In  spite  of  the  improvement  in  the  recombination  at  the  sidewalls  and  a  reduction  or 
elimination  of  the  "dead  layer"  observed  in  the  wet-etched  samples  over  the  dry-etched 
samples,  it  is  desirable  to  perform  an  epitaxial  overgrowth  step  to  fully  passivate  the 
sidewalls  of  the  quantum  structures.  This  prevents  degradation  of  the  active  region 
allowing  the  investigation  of  phenomena  intrinsic  to  the  fabricated  quantum  structures. 
Overgrowth  is  also  required  for  the  practical  implementation  of  these  structures  in  suitable 
device  geometries.  We  propose  to  use  FCE  as  a  technique  by  which  the  patterning  of 
the  structure  can  be  done  ex-situ  using  a  regrowth-compatible  mask  such  as  S1O2 ,  and  the 
etching  and  regrowth  of  the  sample  be  performed  using  a  dedicated  chamber.  As  an  mitial 
step  in  this  direction,  we  have  investigated  the  fabrication  of  QWRs  as  described  above. 
Figure  9  shows  the  excitation  intensity  dependence  of  the  PL  spectra  for  the  30-nm  FCE 
wire  array  depicted  in  Fig.  5  and  for  the  QW  reference  mesa  on  the  sample.  The  peak 
energy  shift  of  the  30-nm  QWR  with  respect  to  the  reference  QW  is  approximately  1 1  meV 
and  is  consistent  with  previous  reports  for  similar  QWRs  [11,15].  From  Fig.  6,  the 
normalized  PL  intensities  reported  by  Maile  et  al  [14]  and  Gu  et  al  [13]  for  dry-etched  40 
nm  wires  regrowth  of  the  sample  be  performed  using  a  dedicated  chamber.  As  an  initial 
step  in  this  direction,  we  have  investigated  the  fabrication  of  QWRs  as  described  above. 
Figure  9  shows  the  excitation  intensity  dependence  of  the  PL  spectra  for  the  30-nm  FCE 
wire  array  depicted  in  Fig.  5  and  for  the  QW  reference  mesa  on  the  sample.  The  peak 
energy  shift  of  the  30-nm  QWR  with  respect  to  the  reference  QW  is  approximately  1 1  meV 
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Figure  6  -  PL  spectra  for  (a)  30  nm  FCE  etched  InP/InGaAs  QWRs  and  (b)  reference  QW, 
for  increasing  excitation  power.  Intensities  were  normalized  to  unity. 

and  is  consistent  with  previous  reports  for  similar  QWRs  [11,15].  From  Fig.  6,  the 
normalized  PL  intensities  reported  by  Maile  et  al  [14]  and  Gu  et  al  [13]  for  dry-etched  40 
FCE  had  an  integrated  intensity  of  0.5  [10].  The  broadening  of  the  photoluminescence  peak 
in  Fig.  6(b)  is  also  larger  than  that  observed  at  similar  excitation  powers  in  the  spectra  of 
dry-etched  wires  of  Fig  5(a).  As  discussed  above  for  the  WE-wires,  the  explanation  of  this 
disparity  is  that  for  equivalent  excitation  intensities  a  much  higher  electron-hole  plasma 
(EHP)  density  is  achieved  in  the  free  Cl2  wires  than  in  the  dry-etched  wires  due  to  reduced 
non-radiative  recombination  at  the  sidewalls. 

Summary 

The  fabrication  of  quantum  wires  using  reactive  ion  etching  (RIE),  selective 
crystallographic  wet  etching  and  free  CI2  etching  were  reviewed.  Quantum  wires  fabricated 
by  RIE  were  shown  to  have  optically  inactive  layers  and  high  surface  recombination 
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velocities  in  agreement  with  previous  observations.  Wet  etching  was  used  to  achieve 
quantum  wires  with  significantly  fewer  non-radiative  recombination  centers  as  inferred 
from  a  comparative  analysis  of  the  evolution  of  the  PL  lineshape  as  a  function  of  optical 
excitation  intensity.  Furthermore,  the  wet-etched  QWRs  presented  no  evidence  of  an 
optically  inactive  layer  down  to  15  nm.  Free  CI2  etching  of  quantum  structures  was 
proposed  as  a  fabrication  procedure  suitable  for  in-situ  etch  followed  by  regrowth.  This 
technique  allows  the  lithography  and  deposition  of  a  mask  compatible  with  regrowth  to  be 
performed  ex-situ.  Finally,  the  fabrication  of  QWRs  with  free  CI2  and  PL  results  for  a  30- 
nm  wire  fabricated  with  this  technique  were  presented.  We  conclude  that  free  CI2  etching  is 
a  technique  with  attractive  characteristics  for  the  fabrication  of  nanostructures  in  the 
Ino.53Gao.47As/InP  system. 
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HIGH-QUALITY,  NON-STOICHIOMETRIC  MULTIPLE 
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ABSTRACT 

A  150  period  mutiple  quantum  well  (MQW)  consisting  of  10  nm  GaAs 
wells  and  3.5  nm  AlAs  barriers  was  grown  at  low  substrate  tempera¬ 
tures  by  MBE  so  as  to  incorporate  0.2  %  excess  arsenic.  With  anneal 
this  excess  arsenic  precipitates  turning  the  MQW  semi-insulating  with  a 
carrier  lifetime  of  15ps.  Despite  the  excess  arsenic,  sharp  optical  transi¬ 
tions  of  quantum-confined  excitons  (10  meV  FWHM  for  the  heavy-hole 
transition)  comparable  to  those  in  highly  stoichiometric  MQWs  were 
observed.  This  combination  of  sharp  excitonic  transitions  and  ultrafast 
recombination  lifetimes  has  exciting  possibilities  for  photorefractive, 
electro-optic  sampling,  and  saturable  absorption  applications. 
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When  arsenides-such  as  GaAs  or  AlGaAs  are  grown  at  low  substrate  tem¬ 
peratures  by  molecular  beam  expitaxy  (MBE),  excess  arsenic  can  be  incorporated 
into  the  lattice  [1].  In  spite  of  excess  arsenic  volume  fractions  as  high  as  1  —  2%, 
the  crystal  can  exhibit  high-structural  quality  [2].  With  anneal,  the  excess  arsenic 
precipitates  forming  a  composite  of  semi-metallic  arsenic  clusters  in  an  arsenide 
semiconductor  matrix  [3].  With  further  anneal,  the  arsenic  clusters  coarsen  [4]. 
Figure  1  illustrates  the  control  one  has  over  the  composite  by  use  of  the  substrate 
temperature  during  MBE  to  set  the  amount  of  excess  arsenic  in  the  crystal  [5,  6] 
and  the  anneal  temperature  to  determine  the  final  spacing  of  the  arsenic  clusters 

[4,  7]. 

When  the  average  spacing  between  the  arsenic  clusters  is  about  three  Bohr  di¬ 
ameters,  these  composites  exhibit  enhanced  electro-optic  properties  [4,  8].  Shown 
in  Fig. 2  is  a  comparison  of  the  differential  transmission  for  a  1  //m  thick  Al¬ 
GaAs  epilayer  containing  arsenic  clusters  with  the  differential  transmission  for  the 
quantum-confined  Stark  effect  in  a  high-quality,  highly-stoichiometric,  1  fim  thick, 
multiple-quantum  well  (MQW)  structure.  Even  at  an  electric  field  a  factor  of  5 
lower,  the  AlGaAs  epilayer  with  the  arsenic  precipitates  displays  a  larger  differen¬ 
tial  transmission  then  the  quantum-confined  Stark  effect  in  the  MQW,  and  also 
exhibits  a  much  broader  bandwidth  due  to  the  inhomogeneity  in  the  material. 

Arsenic  precipitates  in  MQW  structures  preferentially  coarsen  to  the  narrow 
band  gap  material  with  anneal  [7,  9,  10].  Since  the  arsenic  clusters  are  semi- 
metallic  and  deplete  the  surrounding  semiconductor  [11,  12],  this  would  result 
in  a  semi-insulating  MQW  that  would  also  have  picosecond  lifetime  [13]  -  an 
attractive  material  for  eelctro-optic  applications.  However,  previous  repoerts  of 
low-temperature-grown  MQW  structures  indicated  the  excitions  were  too  severely 
broadened  for  useful  applications  [14].  We  have  recently  achieved  sharp  optical 
transitions  of  quantum-confined  excitions  in  AlAs/GaAs  quantum  wells  grown  at 
low  substrate  temperatures  [15]. 

These  MQWs  were  grown  at  a  substrate  temperature  around  310'^C'  and  con¬ 
tained  about  2%  excess  arsenic.  The  MQW  consisted  of  150  periods  with  lOnm 
thick  GaAs  quantum  wells  and  with  3.5  nm  thick  AlAs  barriers,  and  was  incor¬ 
porated  as  the  i-region  in  a  PiN  structure.  The  structure  was  grown  in  a  GEN  II 
MBE  system  using  the  tetramer  from  of  arsenic,  As4,  and  an  As4  to  Ga  beam- 
equivalent  pressure  of  about  20.  The  growth  rate  for  the  GaAs  wells  was  Ifimfh 
and  the  growth  rate  for  the  AlAs  barriers  was  O.SfJ,m/h.  The  p-  and  n-regions 
did  not  contain  excess  arsenic.  The  top  p-regions,  which  consisted  of  200  nm  of 
p-Alo.3GaQ.7As  and  200  nm  of  p-GaAs,  were  grown  at  a  substrate  temperature  of 
450° C,  which  acted  as  a  precipitation  anneal  of  24  min,  for  the  exces  arsenic  in 
the  LTG-MQW. 

Shown  in  Fig.3  is  the  absorption  spectra  for  the  low  temperature-grown  (LTG) 
MQW.  For  comparison,  the  absorption  spectrum  for  an  identical  MQW,  except 


Electrochemical  Society  Proceedings  95-17 


237 


grown  at  a  substrate  temperature  of  600^(7,  a  normal  temperature  growth  (NTG) 
is  shown  in  Fig.4.  The  heavy-hole  transition  in  the  LTG-MQW  has  a  FWHM  of 
10  meV  while  the  heavy-hole  transtion  for  the  NTG-MQW  is  slightly  narrower  at 
6  meV  The  carrier  lifetime  in  the  LTG-MQW  was  measured  using  a  pump/probe 
change  in  absorption  technique  [12]  and  is  15  psec.  This  combination  of  sharp 
excitonic  transitions  and  ultra-fast  recombination  lifetimes  is  unique  to  these  LIG- 
MQ  Ws,  and  has  exciting  possibilities  for  photorefractive  ,  electro-optical  sampling, 
and  saturable  absorption  applications. 
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30s  Anneal  Temperature  (°C) 


Figure  1;  Density  and  average  size  of  As  clusters  in  four  different  epilayers  as  a 
function  of  temperature  for  a  30  s  anneal.  Three  of  the  epilayers  are  GaAs,  one 
containing  0.3  %  excess  As,  one  containing  0.7  %  excess  As,  and  one  containing 
0.9  %  excess  As.  The  fourth  epilayer  is  A/o.asGoo.TsAs  containing  0.2  %  As. 
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Figure  2:  Comparison  of  the  differential  transmission  for  the  quantum-  confined 
Stark  effect  in  a  high-quality,  highly-stoichiometric  multiple  quantum  well  struc¬ 
ture  and  the  differential  transmission  in  an  AlGaAs  epilayer  As  clusters. 
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Figure  3:  Absorption  spectra  for  low-temperature-grown  (LTG)  multiple  quantum 
well  samples. 
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Figure  4:  Absorption  spectra  for  standard  temperature  grown  (STG)  multiple 
quantum  well  samples. 
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CHEMICAL  CONTROL  OVER  SIZE,  SHAPE,  AND  ORDER 
ON  A  NANOMETER  LENGTH  SCALE 
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ABSTRACT 

Chemical  control  of  size  and  shape  is  not  bounded  by  size  limits  and 
presents  an  alternative  to  semiconductor  processing  approaches^  fur¬ 
thermore,  weak  interparticle  attractions  scale  geometrically  with  par- 
tide  size,  and  provide  a  handle  for  the  fabrication  of  structurally  and 
chemically  complex  structures.  These  concepts  are  demonstrates  tor 
Group  IV,  III-V,  and  metallic  nanocrystal  systems. 


Chemical  control  of  size  and  shape  is  not  bounded  on  either  the  large  and  small 
extremes  by  size  limits  and  presents  an  interesting  alternative  to  semiconductor 
processing  approaches.  Chemical  approaches  readily  access  structures  over  the 
size  range  from  1  -  20  nm,  and  over  this  range  the  electronic  structure  and  phase 

behaviour  are  strong  functions  of  crystallite  size  and  shape. 

Furthermore,  weak  interparticle  attractions  )dispersion  forces)  scale  geometri¬ 
cally  with  crustallite  size  from  the  molecular  limit  to  ^  20  nm,  and  provide  a  handle 
for  the  fabrication  of  structurally  and  chemically  complex  assemblies  of  nanocrys¬ 
tals  The  theory  and  practice  of  these  concepts  have  beem  demonstrated  for  Group 
IV  (Si,Ge,Sn,  and  Pb),  III-V  (InP),  and  metallic  (au,Ag,Pt,Pd)  nanocrysUl  sys¬ 
tems.  Chemical  techniques  for  controlling  size  and  shape  m  these  systems  include 
separation  of  the  nucleation  and  crystallization  steps,  crystal  growth  within  a  tem¬ 
plate,  and/or  chromatographic  separations  of  nanocrystal  sizes  following  synthesis. 
Physical  approaches  toward  obtaining  positional  ordering  in  these  systerns  include 
controlled  nucleation  and  growth  within  a  lithographically  or  elect rochemically 
defined  template.  Approaches  toward  obtaining  local  order  within  these  systems 
include  the  exploitation  of  weak  interactions  to  induce  size  dependent  phase  sepa¬ 
rations  followed  by  l-,2-,and  3-dimensional  opal  formation.  ,  j  u 

These  various  have  been  characterized  by  frequency  and/or  time  resolved  ab¬ 
sorption,  luminescence,  and  Raman  spectroscopies,  XPS,  conductivity  measure¬ 
ments,  electron  microscopy,  and  other  techniques. 
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SEMICONDUCTORS  IN  THE  DISORDERED  STATE 
FROM  BULK  TO  NANOSCALE 


P.  Armand,  L.  Iton,  D.  L.  Price,  and  M.  L.  Saboungi 
Argonne  National  Laboratory 
Argonne,  Illinois  60439 


ABSTRACT 


Clusters  of  the  elemental  semiconductor  Se  and  compound  semiconduc¬ 
tors  RbSe  and  CsSe  have  been  incorporated  in  Nd-substituted  Y-zeolite 
by  vapor  deposition  techniques.  TEM  measurements  indicate  that  the 
semiconductor  material  resides  principally  within  the  cage  structure 
of  the  zeolite  host,  while  high-resolution  neutron  and  x-ray  powder 
diffraction  show  that  the  incorporated  material  is  out  of  registry  with 
the  zeolite  host.  Using  anomalous  x-ray  scattering  it  has  been  possi¬ 
ble  to  measure  the  internal  structure  of  the  semiconductor  clusters  and 
compare  it  with  the  structure  of  these  materials  in  the  crystalline  and 
liquid  states. 
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Quantum  confinement  of  materials  is  known  to  produce  significant  changes  on 
the  physical  and  chemical  properties.  In  this  work,  we  present  results  obtained  on 
semiconductors  confined  in  zeolites.  The  choice  of  zeolites  was  motivated  by  the 
fact  that  they  have  porous  structures  with  about  30-50  %  void  space  after  dehy¬ 
dration,  offering  an  alternative  mechanism  of  confining  materials  in  a  controlled 
fashion.  The  semiconductors  were  chosen  as  Se,  RbSe,  and  CsSe  since  they  are 
well  suited  for  study  by  anomalous  x-ray  diffraction  and  for  their  unusual  proper¬ 
ties  in  the  bulk  in  both  crystalline  and  liquid  states.  The  structure  of  Se  m  the 
amorphous  and  liquid  state  is  still  not  well  understood.  Both  RbSe  and  CsSe  are 
expected  to  retain  their  semiconducting  behaviour  in  the  disordered  state.  Recent 
neutron  scattering  experiments  have  shown  that  562^"  Zintl  ions  are  present  in 


both  crystalline  and  liquid  states.  j 

In  this  work,  Y  zeolite  of  the  faujasite  type  was  used  with  Nd  +  ions  exchanged 
with  the  Na+  ions.  Se  was  introduced  into  this  material  by  vapor  diffusion.  The 
resulting  material  had  a  uniform  orange  color.  To  make  the  RbSe  ^d  CsSe  clusters, 
the  Se-loaded  zeolite  was  inserted  into  glass  containers  with  sufficient  quantities 
of  alkali  metals  to  form  the  stoichiometric  compounds.  The  tubes  were  heated  at 
320^7  and  annealed  until  a  homogeneous  brown  material  was  obtained.  The  exac 
compositions  were  defined  by  chemical  analysis  and  corresponded  to  6.5  Se,  6.0  Rb, 
and  5  4  Cs  atoms  per  supercage.  The  observed  colors  are  suggestive  of  quantum 


confinement  effects.  .  , 

The  internal  structures  of  the  clusters  were  determined  by  anomalous  wide 
angle  x-ray  scattering  (AWAXS)  measurements  at  the  Se  and  Rb  edges,  carried 
out  on  the  X-7A  beam  line  at  NSLS.  With  this  technique,  the  structure  factor 
associated  with  a  specific  element  a  is  determined  from  the  difference  of  the  scat¬ 
tered  intensities  for  two  diffraction  measurements  at  x-ray  energies  Ej,  just  below 
an  absorption  edge  of  element  a,  and  £2,  a  little  further  below:  It  can  be  easily 
shown  that  the  structure  factor  obtained  in  this  way  is  a  simple  combination  of 
the  partial  structure  factors  involving  element  a.  By  Fourier  transformation  the 
real-space  correlation  function  for  the  environment  of  element  a  can  be  determined. 
The  application  of  this  method  to  elements  (Se  or  Rb)  in  the  cluster  makes  it  pos¬ 
sible  to  distinguish  the  environments  of  these  elements  from  those  of  the  atoms  o 
the  zeolite  host,  which  make  a  much  larger  contribution  to  the  total  scattering. 

In  the  case  of  the  Se-loaded  zeolite,  comparison  of  the  results  obtained  with 
both  crystalline  and  amorphous  Se  leads  to  the  following  observations  First  the 
nearest-neighbor  bond  length  (2.32  A)  and  coordination  number  (1.9  ±0.1)  m 
the  Se-loaded  zeolite  are  similar  to  that  of  the  bulk  phases.  Second,  the  second- 
neighbor  bond  length  (3.63  A)  is  also  similar,  while  its  coordination  number  (3.2 
±  0.3)  is  greatly  reduced  suggesting  that  the  selenium  is  present  in  the  form  of 

isolated  short  5e„  chains.  r.  n  1  j  r  a 

In  the  case  of  the  RbSe  and  CsSe,  the  nearest-neighbor  Se-Se  bonds  are  found 
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with  bind  lengths  of  2.44  A  and  coordination  numbers  between  one  and  two.  This 
suggests  that  Se'^~  Zintl  ions  similar  to  those  obtained  in  the  bulk  phases  as  well 
as  short  5e„  chains  are  present.  Second  neighbor  Se-Se  and  alkali-selenium  bonds 
are  observed  with  bond  lengths  of  3. 6-3. 7  A. 

In  conclusion,  quantum  confinement  of  a  new  class  of  semiconductors  has 
been  successfully  demonstrated.  The  AWAXS  technique  has  been  shown  to  be 
an  extremely  promising  and  powerful  technique  to  probe  the  environment  of  a 
selected  element.  Furthermore,  the  structure  of  isolated  microclusters  in  the  cages 
of  the  zeolite  has  been  measured  beyond  the  first  coordination  shell.  Additional 
measurements  are  underway  to  study  the  influence  of  temperature  and  pressure 
on  these  confined  materials. 
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Abstract 

We  measured  time-resolved  photoluminescence  from  CdSo.48Seo.52  doped  glass  as  a  function  of 
temperature  and  excitation  pulse  energy  density.  The  photoluminescence  has  a  fast  component  near 
the  absorption  band  edge  and  a  slow  broader  component  in  the  far  red.  At  77  K  and  low  excitation 
pulse  energy  density,  emitted  photoluminescence  energy  is  a  linear  function  of  excitation  pulse  ener¬ 
gy  density.  At  higher  excitation  pulse  energy  density  (  >  1.1x10"^  J/cm^,  3  ns  pulses,  566  nm)  we 
observe  a  superlinear  transition.  At  200  K  the  superlinear  transition  is  shifted  to  higher  excitation 
pulse  energy  density  (1.6x10-3  The  slow  photoluminescence  at  77  K  is  linear  in  excitation 

pulse  energy  density  over  the  range  of  this  investigation  (0  -  1x10  ^  J/cm^). 

Introduction 

The  photoluminescence  properties  of  crystals  in  the  (Zn,Cd)(S,Se)  system  have  long  been  investi¬ 
gated,  both  in  bulk  materials^’^  and  in  composite  glasses^-^.  Photoluminescence  emission  in  pow¬ 
dered  phosphors,  superlinear  in  excitation  intensity  over  a  certain  range,  has  been  reported.^’^  The 
superlinear  behavior  is  a  function  of  temperature,  and  is  enhanced  (or  quenched)  by  activation  (or 
poisoning)  with  certain  specific  transition  metal  dopants.  In  bulk  materials,  superlinearity  can  be 
attributed  to  the  presence  of  more  than  one  class  of  traps.'^-^-^ 

Photoluminescence  of  CdSxSe(i_x)  nanocrystaUites  is  the  focus  of  much  recent  investigation.  Her¬ 
ron  et  al.^®  report  a  single  broad  emission  band  at  500  nm  for  Cd32Si4(SC6H5)  clusters  in  THF  solu- 
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tion  at  77K.  Tanaka  et  al.^^  also  report  a  single  broad  emission  band  for  small  CdSxSe(i_x)  particles 
(3.8  nm)  in  a  germanium  oxide  glass.  This  band  evolves  into  a  broader  red  peak  and  a  sharper  peak 
near  the  absorption  band  edge  for  larger  particles  (8 . 1  nm).  The  quantum  efficiency  of  both  emission 
bands  decreases  as  temperature  is  increased.  Nogami  and  Nakamura^^  report  sharp  and  broad  emis¬ 
sion  bands  at  500  and  650  nm  respectively  for  5.5  nm  CdS  particles  in  sol-gel  derived  glass.  The 
lifetime  of  the  500  nm  peak  is  2  ns,  while  that  of  the  650  nm  peak  is  50  ns.  The  500  nm  emission 
band  is  attributed  to  direct  band-band  recombination,  and  the  650  nm  emission  band  is  attributed 
to  recombination  through  surface  sulfide  vacancies. 

Many  other  groups  report  the  same  basic  photoluminescence  emission  spectrum  for  nanocrystal¬ 
lites  larger  than  5  nm  in  solution^^,  sol-gel  glass^^-^^,  and  borosilicate  glass^^.  The  general  form  of 
the  spectrum  is  a  sharp  emission  band  near  the  absorption  band  edge  and  a  red  shifted  broad  emission 
band.  The  sharp  fast  blue  emission  band  is  usually  attributed  to  direct  band-band  recombination  or 
recombination  through  shallow  traps,  while  the  broad  slow  red  emission  band  is  universally  attrib¬ 
uted  to  deeper  traps.  Several  groups  report  that  the  sharp  emission  band  near  the  absorption  band 

edge  actually  consists  of  a  doublet. 

Superlinear  photoluminescence  emission  in  the  fast  component  has  been  reported  recently  in 
CdSxSe(i_x)  doped  glasses.  Kull  and  Coutaz^^  report  a  superlinear  transition  at  room  temperature 
in  Schott  OG570.  The  transition  occurs  at  an  excitation  pulse  energy  density  of  8.0x10^  J/cm^  using 
80  ps  pulses  at  300  Hz  from  a  Q-switched  frequency-doubled  (532  nm)  Nd:  YAG  excitation  source. 
The  superlinearity  is  explained  by  a  band  filling  model  that  differentiates  between  geminate  and 
non-geminate  recombination  of  excited  electron-hole  pairs .  Zheng  et  al.^®  report  a  superlinear  tran¬ 
sition  at  room  temperature  in  Coming  CS  2-58.  The  transition  occurs  at  an  excitation  pulse  energy 
density  of  1.2x10^  J/cm^  using  70  ps  pulses  at  80  MHz  from  a  mode-locked  frequency-doubled 
(532  nm)  NdrYAG  excitation  source.  Tomita  et  al.^^  report  a  continuous  superlinear  range  at  77  K 
of  fast  photoluminescence  at  much  lower  excitation  pulse  energy  density  (0  -  10"®  J/cm^^  using  90 
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ps  pulses  at  80  MHz  from  a  mode-locked  frequency-doubled  (532  nm)  Nd:  YAG  excitation  source. 
The  same  group  also  reports  sublinearity  in  the  slow  photoluminescence  component  over  the  same 
range. 

Experimental 

We  used  a  low  repetition  rate  pulsed  dye  laser  to  pump  as-received  samples  of  Schott  RG630  at 
77K  and  200K.  The  pulse  length  was  on  the  order  of  the  lifetime  of  the  fast  photoluminescence  com¬ 
ponent.  The  time  between  pulses  (>50  ms)  was  longer  than  the  lifetime  of  the  slowest  photolumines¬ 
cence  component,  therefore  the  ensemble,  after  absorption  of  one  excitation  pulse,  was  allowed  a 
full  return  to  thermal  equilibrium  prior  to  the  advent  of  further  excitation. 

The  experimental  setup  is  depicted  in  figure  1 .  A  nitrogen  pumped  dye  laser  (Models  VSL-337ND 
and  337220,  Laser  Science  Inc.,  Newton,  MA)  was  used  with  various  dyes  to  generate  3  ns  pulses 
at  maximum  1  pJ  per  pulse  at  a  low  frequency  repetition  rate,  typically  1  to  20  Hz.  A  100  mm  focal 
length  lens  was  used  to  collimate  the  light  prior  to  passing  through  a  variable  attenuator  and  an  aper¬ 
ture  for  spatial  filtering.  A  quartz  flat  at  45  degrees  was  used  to  spHt  the  beam.  The  primary  fraction 
of  the  split  was  focused  by  a  50  mm  focal  length  lens  onto  the  sample  surface.  The  beam  energy 
profQe  at  the  position  of  the  sample  was  quantified  using  a  CCD  beam  characterization  system  (Big 
Sky,  Bozeman,  MT).  The  beam  cross  section  has  an  elliptical  profile  with  an  area  at  half  maximum 
of  6.2x  10-3  mm2,  -phe  secondary  fraction  of  the  split  was  split  again  by  a  quartz  neutral  density  filter 
(OD=0.3,  Newport  Corp.).  The  forward  fraction  was  incident  on  a  high  speed  photodiode;  the  output 
was  used  as  a  trigger  for  the  data  acquisition  system.  The  backward  fraction,  after  passing  through 
the  quartz  beamsplitter  again,  was  incident  on  a  large  area  photodiode  for  pulse  energy  measure¬ 
ment. 

A  sample  of  RG630  (Schott  Glass  Technologies,  Duryea,  PA)  with  particle  size  of  19  nm  and  com¬ 
position  CdSo.48Seo.52  was  mounted  on  the  cold  finger  of  a  cryostat.  Light  from  the  dye  laser  was 
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focused  onto  the  sample  surface  through  a  quartz  window  in  the  cryostat  housing.  Photolumines¬ 
cence  emission  was  collected  by  a  2  mm  diameter  bundle  of  fused  silica  optical  fibers  (C  technolo¬ 
gies,  Short  Hills,  NJ).  The  other  end  of  the  fiber  bundle  was  placed  at  the  entrance  slit  of  a  0.275 
m  grating  monochromator.  To  prevent  reflected  laser  light  from  entering  the  fiber  (1)  the  end  of  the 
bundle  was  set  at  approximately  20  degrees  skew  from  the  plane  of  the  incident  and  reflected  laser 
beam  and  (2)  a  small  piece  of  OG590  cutoff  filter  (Schott  Glass  Technologies,  Duryea,  PA)  was 
placed  between  the  output  of  the  fiber  bundle  and  the  input  slit  of  the  monochrometer.  Light  from 
the  exit  slit  of  the  monochrometer  was  incident  on  the  photocathode  of  a  photomultiplier  tube  (PMT) 
with  a  rise  time  of  2  ns  and  a  transit  time  spread  of  1.2  ns. 

The  output  currents  of  the  photomultiplier  tube  and  the  large  area  photodiode  were  connected  to 
two  input  channels  of  a  digitizing  oscilloscope  (TDS644A,  Tektronix,  Inc,  Beaverton,  OR)  and  digi¬ 
tized  at  2  GHz.  All  oscilloscope  inputs  were  50  ohms.  The  oscilloscope  traces  were  recorded  and 
integrated  over  time. 

Results  and  discussion 

The  photoluminescence  emission  at  77  K  of  RG630,  excited  with  a  514  nm,  1  W/cm^,  cw  argon 
ion  laser,  shows  two  primary  features:  a  broad  emission  band  centered  at  670  nm  and  a  sharper  emis¬ 
sion  band  centered  at  595  nm  (figure  2).  The  temporal  characteristics  of  the  two  bands  were  investi¬ 
gated  by  exciting  with  3  ns,  566  nm  pulses  from  a  nitrogen  pumped  dye  laser.  Under  pulsed  excita¬ 
tion,  the  595  nm  band  splits  into  a  doublet  as  previously  reported,  and  undergoes  a  blue  shift  to  590 
nm  (figure  3).  The  3  ns  excitation  pulses,  when  characterized  with  the  same  monochromator/PMT 
system,  are  broadened  by  the  PMT  and  electronics  to  about  10  ns.  The  590  nm  emission  band  (figure 
4)  is  broadened  to  20  ns,  so  the  actual  photoluminescence  lifetime  is  on  the  order  of  a  few  nanosec¬ 
onds.  The  670  nm  emission  band  (figure  5)  has  an  observed  lifetime  on  the  order  of  1  ps. 
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Figure  6  shows  the  normalized  relative  dependence  of  emitted  photoluminescence  energy  on  ex¬ 
citation  pulse  energy  density.  Each  data  point  on  figure  6  was  obtained  by  first  averaging  256  pulses 
of  excitation,  then  averaging  256  pulses  of  photoluminescence,  for  a  number  of  different  average 
excitation  pulse  energies.  Figure  6  clearly  shows  that  the  fast  component  is  superlinear  in  excitation 
pulse  energy  density,  while  the  slow  component  is  linear  over  the  same  range.  The  excitation  pulse 
energy  density  range  of  figure  6  is  approximately  0  -  1x10-2 

The  spread  of  excitation  pulse  energy  and  photoluminescence  for  4096  simultaneously  acquired 
excitation/photoluminescence  pulse  pairs  is  shown  in  figure  7 .  The  pulse-to-pulse  variation  in  dye 
laser  pulse  energy  is  greater  than  +/-10%.  Since  the  pulse  energy  can  be  measured  more  accurately 
than  it  can  be  predicted,  both  noise  and  pump  energy  measurement  resolution  are  reduced  by  (1) 
binning  the  data  according  to  power  level,  and  (2)  averaging  the  photoluminescence  in  each  bin  (fig¬ 
ure  8).  Such  an  approach  was  used  to  generate  figure  9,  which  contains  data  from  just  under  10^ 
single  pulse  measurements,  2^6  pulses  at  77  K,  and  another  2^5  pulses  at  200  K.  Note  that  the  superli¬ 
near  transition  at  200  degrees  occurs  at  a  higher  excitation  pulse  energy  density  than  at  77  K.  The 
slight  non-linear  fluctuations  at  the  higher  energy  levels  are  due  to  small  mechanical  alignment  vari¬ 
ations  over  the  course  of  the  experiment. 

From  figure  9,  we  determine  the  excitation  pulse  energy  density  at  the  observed  superlinear  transi¬ 
tions.  At  77  K  the  superlinear  transition  occurs  at  1.1x10“^  J/cm2,  while  at  200  K,  the  transition  is 
shifted  to  1.6x10-2  J/cm2.  These  are  slightly  higher  than  the  results  at  298  K  of  Zhang20  (1.2x10“^ 
J/cm2)  and  KuU^^  (8.0x10^  J/cm2),  and  significantly  higher  than  the  superlinear  range  reported  at 
77  K  by  Tomita.2l 

Summary 

We  have  performed  a  time-resolved  pulsed  photoluminescence  experiment  which  can  tell  us  about 
recombination,  wavefunctions,  and  traps.  The  observed  superlinearity  of  photoluminescence  sug- 
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gests  that  there  are  three  (or  more)  competing  channels  for  excited  carrier  recombination,  at  least 
two  radiative  (a  doublet)  and  one  non-radiative.  A  trap  associated  with  the  non-radiative  channel 
saturates  at  excitation  pulse  energy  density  greater  than  the  threshold  for  superlinearity,  effectively 
increasing  the  rate  of  recombination  through  at  least  one  of  the  radiative  channels.  The  observed 
temperature  dependence  of  superlinearity  suggests  that  the  trap  saturation  is  temperature  dependent. 
This  could  be  because  trap  capture  rate  (cross  section)  decreases  with  increasing  temperature.  A 
more  likely  mechanism  is  the  thermal  excitation  of  the  trap  into  a  competing  non-radiative  channel. 
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Figure  6:  PL  at  590(x)  and  670(*)  nm,  566x,  RG630  @  77K 
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Figure  7a  -  Excitation  energy  histogram  (4096  pulses) 


Figure  7b  -  Photoluminescence  energy  histogram 
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Figure  8a  -  Photoluminescence  vs.  excitation  energy  from  fig.  7,  raw 
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We  apply  elasticity  theory  formalism  to  study  long-range,  collective 
vibrations  of  microtubules  (MTs)  and  filaments,  which  are  major  com¬ 
ponents  of  cytoskeleton  in  eukarioutic  cells.  MTs  and  filaments  are  long 
macromolecules  with  diameters  of  order  of  10  nm,  and  are  modeled 
by  thin  elastic  sheUs  and  rods.  The  dispersion  relations  are  obtmned 
analytically  for  elastic  waves  propagating  along  MTs  or  filameiits  in 
presence  of  a  solvent;  the  numerical  calculation  of  the  eigenmodes  is 
performed  using  the  experimentally  measured  values  of  Young  s  mod¬ 
ulus.  In  a  long  wavelength  limit  MTs  support  three  acoustic  waves 
with  propagation  speed  in  the  range  of  200  to  600  m/s  and  set  of  flex¬ 
ural,  helical  waves.  In  the  case  of  filament-water  system  there  exist 
two  acoustic  modes  with  propagation  speeds  of  approximately  800  and 
1300  m/s  and  a  single  flexural  wave  with  parabolic  dispersion  law.  Our 
study  also  draws  attention  to  the  parallel  existing  between  the  biologi¬ 
cal  and  manufactured,  free-standing  nanotubules  and  filaments. 


I.  INTRODUCTION 

The  search  for  the  new  concepts  of  next  generation  of  ultrasmaU  electronic  de¬ 
vices  has  resulted  in  fabrication  of  a  whole  set  of  novel  semiconductor  nanostructures. 
In  particular,  the  recent  advances  in  the  material  growth  techniques  enabled  creation 
of  various  self-supporting  systems,  including  free-standing  slabs,  whiskers  [1]  and  nan¬ 
otubes  [2,  3].  Since  in  such  structures  (in  contrast  to  buried  wires  and  wells)  the  effects 
of  acoustic  wave  confinement  is  rather  strong,  the  problem  of  phonon  quantization 
and  confinement  in  free-standing  samples  has  received  much  interest  [4,  5,  bj. 

In  this  study  we  would  like  to  draw  attention  to  the  parallel  existing  between 
the  artificially  made  self-supported  structures  and  the  filamentous  components  of  cell 
cytoskeleton.  The  various  filaments  of  the  cytoskeleton  have  been  classified  accord¬ 
ing  to  their  diameter  and  include  microfilaments  (5-7  nm),  intermediate  filaments 
(8-11  nm),  and  microtubules  (24-28  nm)  [7].  MTs  are  hollow  cylinders  of  approxi¬ 
mately  25  nm  outer  diameter,  15  nm  inner  diameter,  and  indefinite  length.  J.  he  waU 
of  a  MT  cylinder  is  made  up  of  (usually  13)  linear  elements  termed  protofilaments, 
which  are  formed  of  protein  subunits  known  as  tubulin  dimers.  Each  8  nm-long  dinier 
consists  of  a  and  /3  tubulin  monomers  with  a  molecular  weight  of  55  kDa.  Actin 
filaments  is  formed  of  G- actin  monomers  arranged  in  a  tw-o-stranded  hehx,  while 
the  intermediate  filaments  consists  of  approximately  2-3  nm  diameter  protofilaments. 
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twisted  together.  Though  the  cytoskeleton  has  an  impact  on  some  purely  biological 
processes  (control  of  gene  expression,  protein  synthesis,  and  cell  cycle  regulation),  its 
main  functions  are  based  on  the  mechanical  properties  such  as  rigidity  and  elasticity. 
The  cytoskeleton  is  responsible  for  supporting  the  cell  shape  and  serves  as  a  global 
framework  for  the  mechanical/functional  integration  of  the  whole  cell.  In  a  series  of 
experiments  the  flexural  rigidity  and  elastic  Young’s  modulus  for  microtubules  and 
actin  filaments  has  been  obtained  from  the  measurement  of  thermal  fluctuations  in 
end-to-end  distance  of  the  proteins.  In  more  recent  works,  the  elastic  parameters 
of  the  cytoskeleton  components  were  determined  using  Fourier-analysis  of  thermal 
fluctuations  in  shape  [8],  hydrodynamic  flow  [9],  and  direct  measurements  [10]. 

In  this  investigation  we  apply  the  formalism  of  classical  elasticity  theory  to 
describe  the  vibrational  modes  and  mechanical  wave  propagation  in  filamentous  cy¬ 
toskeleton  components,  such  as  microtubules  (MTs),  actin  filaments  (AFs),  and  in¬ 
termediate  filaments.  This  investigation  arises  in  the  context  of  the  general  problem 
of  protein  dynamics  and  connection  between  protein  dynamics  and  function  [11],  as 
well  as  available  experimental  results  [12]. 

The  simplest  possible  description  of  filament  and  MT  vibrations  is  based  on  a 
linear  model  and  is  used  extensively  for  analysis  of  fluctuations  in  shape  [8,  9,  10]. 
Further  elaborations  of  the  one- dimensional  model  have  addressed  the  problem  of 
instabilities  in  vibrations  of  AFs  [13]  and  soliton  propagation  in  MTs  [14]  due  to 
inclusion  of  nonlinear  terms  in  Hamiltonian  and  polarization  effects.  Despite  the 
universality  and  simplicity  of  the  linear  model,  its  applicability  is  restricted  to  a  limit 
of  extremely  large  wavelengths  of  the  propagating  waves,  where  all  the  diversity  of  the 
vibrational  spectrum  is  reduced  to  pure  longitudinal,  torsional,  and  bending  modes. 

On  the  other  hand,  the  most  exhaustive  information  about  internal  motion  of 
all  constituent  elements  of  the  protein  can  be  obtained  from  microscopic  calculations, 
such  as  normal  mode  analysis.  Most  recently,  ben-Avraham  and  Tirion  [15]  consid¬ 
ered  propagation  of  elastic  waves  in  long  AFs.  Ignoring  the  internal  motion  in  actin 
monomers  and  allowing  for  quasiperiodicity  (helicity)  of  the  F-actin  structure,  the 
authors  obtained  six  vibrational  branches,  corresponding  to  three  translational  and 
three  rotational  degrees  of  freedom  for  each  actin  monomer.  Assigning  a  thermal 
energy  of  fcj5T/2  to  each  mode,  the  authors  calculated  the  average  fluctuations  in  the 
filament  shape. 

Though  the  normal  mode  analysis,  based  on  the  solution  of  equations  of  motion 
for  all  microscopic  degrees  of  freedom,  provides  detailed  information  on  both  large- 
scale  and  local  conformal  motion,  it  lacks  some  attractive  features  of  the  linear  model, 
such  as  universality  and  simplicit3^  Each  protein  configuration  requires  separate  ad 
hoc  calculations,  which  become  rather  cumbersome  with  the  increase  in  protein  size. 
Besides,  the  detailed  information  on  each  vibrational  mode  is  often  not  required, 
since  many  fundamental  features  of  conformal  motion  can  be  explained  using  only  the 
slowest,  large-scale  collective  vibrations.  Finally,  the  inclusion  of  solvent  effects  into 
the  microscopic  calculations  is  not  straightforward,  especially  under  conditions  when 
there  is  radiation  of  acoustic  energy  from  the  vibrating  protein  into  the  surrounding 
water.  Description  of  such  processes  requires  consideration  of  large  volumes  of  the 
solvent,  which  therefore  can  not  be  treated  microscopically,  but  rather  as  a  continues 
medium. 
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In  this  study  we  extend  the  applicability  of  a  simple  linear  model,  by  taking 
into  account  the  internal  motion  of  proteins  by  treating  the  interior  as  a  continuos 
medium  In  Sec.  II  we  apply  the  formalism  of  elasticity  to  find  the  vibrational 
spectrum  of  MTs  in  the  presence  of  water.  Sec.  Ill  deals  with  wave  propagation  in  a 
water-filament  system,  treating  the  latter  as  an  elastic  cylinder.  The  obtained  results 
are  summarized  in  Sec.  IV. 

II.  VIBRATIONS  OF  MICROTUBULES 

We  model  MTs  with  an  infinitely  long  cylindrical  shells  of  radius  R  and  wall 
thickness  h.  In  cylindrical  coordinates  the  shell  is  chosen  to  be  located  in 

the  region  R-h/2  <r  <  R  +  h/2]  both  the  inner  and  outer  parts  of  the  shell  are 
filled  with  a  water.  We  assume  the  MT  material  to  be  isotropic  and  characterized  by 
bulk  Young’s  modulus  E,  Poisson’s  ratio  u,  and  density  p. 

To  derive  equations  of  motion  of  MTs,  we  apply  the  standard  formalism  of  the 
elasticity  theory  [16].  Taking  into  account  the  boundary  conditions  at  the  inner  and 
outer  surfaces  of  a  MT,  as  weU  as  Hooke’s  law,  we  find  the  foUowing  set  of  equations 
for  the  displacement  vector  u  of  the  shell: 

Ur  +  V  Pi  -Po  _ 

~  R^  ^  R  phs^  ’ 


fJ'Tyip 

^2 


R 


(1) 


Ur,z  I  ^ 

- R  ^'^R-  ^ 

Here  pi  o  are  water  pressures  at  the  inner  and  outer  surface  of  MT,  s  =  \jEI p(l  “■ 
is  so-called  longitudinal  “thin  plate”  sound  speed  of  the  shell,  and  u±  -  {1  ±  iy)/2. 

To  obtain  the  equations  of  motion  of  the  water-shell  system  in  a  closed  form, 
the  pressure  terms  pi^o  need  to  be  related  to  the  shell  displacement  vector  u.  The 
displacement  vector  of  water  can  be  expressed  in  terras  of  the  scalar  potential  $ 
through  the  relationship 

Uu,  =  grad  #  ; 

$  satisfies  the  wave  equation  with  a  propagation  speed  equal  to  speed  of  sound  in 
water.  Then,  using  the  relation  between  the  scalar  potential  and  pressure,  p  ^ 

{p^  is  a  water  density),  we  can  express  the  pressures  pi  and  po  in  terms  of  shell 
displacement  vector  u. 

We  seek  the  solution  of  the  equations  of  motion  (1)  as  a  superposition  of  harmon¬ 
ic  waves  with  longitudinal  wavevector  =  k/R  and  azimuthal  number  m,  and  take 
scalar  potentials  of  water  corresponding  to  evanescent  interface  vibrations  localized 
in  the  vicinity  of  the  shell: 

-iCr 

Cz  exp  (imip  +  ikz / R  —  iivt)  ,  (3) 

Ci  Im{f<rlR) 

CoKmiurlR) 
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Here  Im  and  are  modified  Bessel’s  functions;  the  inverse  confinement  length  k 
(normalized  by  the  radius  R)  is  given  by 


=  {uRls^f  ,  (4) 

Interface  vibrations  of  water,  localized  near  the  shell  surface,  occur  provided  that 
>  0  (i.e.  a;  <  s^^k^).  The  opposite  case  of  o)  >  s^k^  corresponds  to  radiation  of 
acoustic  energy  from  the  shell  and  can  be  formally  treated  with  the  help  of  Eq.  (3) 
using  analytical  properties  of  Bessel’s  functions. 

Substituting  Eq.  (4)  into  Eq.  (1),  and  taking  into  account  the  continuity  of 
displacement,  we  obtain  the  eigenequation  for  the  interface  acoustic  vibrations  of  the 
shell-water  system: 

"D  [cv,  c^,  Cz]  =  0  ,  (5) 

where  the  dynamical  matrix  V  is  given  by 


V  = 


(u;R/s^y(l  +  -  1  m  i^k 

m  [uRj  —  ni^  —  u^k"^  —i/+mk 

vk  —u^mk  {tjjRjsyYf  —  f-rri^  —  k^ 


and  the  coupling  term  between  the  shell  and  water  is  equal  to 

a 


= 


Km{K) 


IM  -KM 


(6) 

(7) 


Here  a  —  p^^Rj ph  is  a  dimensionless  constant  of  shell- water  coupling. 

From  Eq.  (5)  we  can  find  the  dispersion  relation  for  confined  waves  in  a  shell- 
water  system  by  equating  the  determinant  of  the  dynamic  matrix  V  to  zero: 

det  =  0  .  (8) 


As  follows  from  Eqs.  (6),  X>  is  a  real  symmetric  3x3  matrix  which  depends  on  the 
azimuthal  number  m.  Therefore,  for  each  given  m  the  dispersion  relation  specifies 
three  positive  vibrational  modes  which  are  identified  by  j  =1,  II,  and  III  in 
decreasing  order: 

(8) 

Qualitatively  the  nature  of  vibrations  in  a  coupled  water-MT  system  can  be 
understood  from  the  analysis  of  two  limiting  cases,  corresponding  to  long  wavelength 
(fc  <C  1)  case  and  short  wavelengths  (A;  1  -|-  m)  case.  Since  at  large  k  the  coupling 

term  Vmn  —  2a/K  tends  to  zero,  we  deduce  that  in  a  short  wavelength  limit  {R/h  > 
A;  m  +  1),  the  vibration  spectrum  of  the  shell-water  system  does  not  depend  on 
azimuthal  number  m  and  tends  to  that  of  a  free  shell: 

C4>^(A:^)  ~  .sA;^,  a;°(A:J  ~  iv^J^^kz)  Vl  ~  s / R .  (10) 

Analysis  of  coefficients  c,,  c^,  in  Eq.  (5)  shows  that  in  the  limit  of  large  k  the. 
modes  I,  II,  and  III  correspond  to  pure  longitudinal,  torsional,  and  radial  vibrations, 
as  in  the  case  of  a  free  sheU  vibration. 
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Except  of  the  limit  of  short  wavelength  waves  the  behavior  of  vibrational  modes 
in  the  MT- water  system  is  qualitatively  different  for  axisymmetric  waves  (m  =  0)  and 
flexural  modes  In  case  of  axisymmetric  vibrations  (m  =  0),  the  mode 

w”  =  y/iZsh  (11) 


corresponds  to  pure  torsional  vibrations  of  the  MT  only,  and  is  decoupled  from  the 
rest  of  modes  in  the  whole  range  of  k^. 

The  axisymmetric  modes  I  and  III  correspond  to  coupled  radial-longitudinal 
vibrations;  their  frequencies  should  be  found  from  the  remaining  2x2  determinant 
in  Eq.  (6)  involving  the  coupling  term  Vq^.  Since  this  term  diverges  at  small  k,  the 
frequencies  and  at  small  should  approach  zero  maintainmg  phase 

velocities  less  than  s.^,  to  avoid  crossing  the  w  =  s^k;^  line.  Analysis  shows  that  in  the 
limiting  case  of  small  k  the  frequencies  and  are  proportional  to  the 

wavevector,  a;o™(^z)  —  -81,111^2. 


In  the  case  of  flexural  modes  [m  ^  0),  the  coupling  term  VmK  reaches  a  finite 
value  Vmo  =  2Q!/m  at  K  =  0,  and  dispersion  curves  for  the  modes  I  and  II  touch 
the  line  a;  =  at  finite  frequencies,  while  the  localization  length  R/k  diverges 

However,  in  case  of  Re(a;)  >  s^k^  the  frequency  w  has  a  negative  imaginary  part,  and 
the  amplitudes  of  vibrations  decay  as  a  result  of  the  radiation  of  acoustic  energy  out 
of  the  shell. 

At  long  wavelength  the  frequency  of  the  mode  III  preserves  its  parabolic  depen¬ 
dence  on  K  pertinent  to  vibrations  of  the  free  shell  [17],  though  with  a  renormaUzed 
coefficient:  , - 

1—1/2  ^  /j2 


,in 

■*^711^0 


m?  -(-  2am  -\-\Rm 


(12) 


In  order  to  find  the  vibrational  spectrum  of  the  shell- water  system  in  the  whole 
range  of  fc,  we  have  to  solve  numerically  the  transcendental  dispersion  relation  given 
by  Eqs.  (6)-(8).  In  our  calculations,  the  most  recent  value  of  Young’s  modulus, 
^  Q  5  0.1  GPa  [9],  is  used;  we  set  the  Poisson’s  ratio  to  its  typical  value  1/  = 

0.3.  Approximation  of  a  microtubule  by  a  hoUow  cylinder  with  ideal  surfaces,  used 
[8,  9]  to  calculate  the  geometric  moment  of  inertia,  required  the  use  of  “contact 
inner  radius  Ri  of  11.5  nm  and  wall  thickness  h  of  2.7  nm  for  14-protofilament  MT. 
Thus,  the  outer  radius  Ro  of  MT  in  our  calculation  is  14.2  nm  and  the  mean  radius 
R  =  {Ri-\-  Ro)/2  is  approximately  12.8  nm.  At  the  same  time,  by  taking  the  mass 
of  a  tubulin  dimer  to  be  M  =  110  kDa  =  1.83  x  10~^®  g,  and  the  length  i  =  S  nm, 
we  find  the  density  p  ^  UM/tv{RI  -  R^i)£  ^  1.47  g/cm^  and  the  “thin-plate”  sound 

speed  s  =  i/®/p(l  -  «  610  m/s  which  is  2.5  times  less  than  a  speed  of  sound  in 

water,  5,^  =  1.50  km/s. 

We  present  the  results  of  numerical  calculations  of  dispersion  o;oj(k)  for  the 
axisymmetric  modes  (m  =  0)  on  Fig.  1.  Thick  solid  fines  correspond  to  vibrations  of 
MT  interacting  with  water  both  outside  and  inside  of  MT.  The  eigenfrequencies  of  ^ee 
MT  are  presented  for  comparison  and  are  marked  by  thick  dashed  lines.  The  thin  fine 
is  specified  by  the  equation  u;  -  s^kj.  and  separates  the  region  of  interface  vibrations  in 
MT- water  system  from  that  of  radiative  waves.  Note  that  the  dimensionless  frequency 
coR/s  -  1  corresponds  to  a  cyclic  frequency  of  /o  «  7.6  GHz. 
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As  can  be  seen  from  Fig.  1,  the  frequencies  of  vibrations  for  the  MT- water 
system  tend  to  those  of  a  free  MT  at  large  wavevectors  k.  In  a  short-wavelength 
limit,  the  modes  I  and  II  have  a  Hnear  dispersion  with  velocities  a  «  610  m/s  and 

^  360  m/s,  while  the  cyclic  frequencies  of  the  type-III  modes  tend  to 
a  constant  value  of  7.2  GHz  [see  Eq.  (10)].  In  the  limit  of  large  fc,  modes  I,  II, 
and  III  correspond  to  pure  longitudinal,  torsional,  and  radial  vibrations.  Note  that 
because  of  our  assumption  of  homogeneous  MT  walls,  the  results  at  A:  >  1  are  only 
of  qualitative  character  (the  length  of  the  tubulin  dimer,  8nm,  is  comparable  to  the 
radius  of  MT,  13  nm). 

The  mode  —  v)l2ak2  with  the  velocity  360  m/s  involves  the  pure 

torsional  vibrations  of  the  shell  only  and  is  decoupled  from  other  modes.  The  other 
two  modes  in  Fig.  1  (I  and  III)  cannot  touch  the  line  u;  =  a^ki,  because  the  shell- 
water  coupbng  term  diverges  when  phase  velocity  of  a  wave  approaches  to  sound 
speed  in  a  water  s^.  At  large  wavelength,  the  radial-longitudinal  modes  I  and  III 
depend  linearly  on  k  and  are  characterized  by  speeds  of  propagation  eqal  to  614  m/s 
and  225  m/s. 


III.  VIBRATIONS  OF  CYLINDRICAL  FILAMENTS 

We  model  intermediate  filaments  and  actin  filaments  with  an  infinitely  long 
elastic  cyHnder  immersed  in  water  and  occupying  the  region  r  <  R.  The  general 
solution  of  the  elasticity  equations  for  displacement  vector  u  inside  the  cylinder  (r  < 
R)  can  be  written  in  the  form  [16] 

u  =  V<^  -t-  V  X  (e^-^)  +  RV  X  V  X  (e^x)  •  (13) 

Here  is  a  unit  vector  along  the  axis  z,  and  potential(s)  <f>  (V>,  x)  satisfy  scalar  wave 
equation  with  a  propagation  speed  equal  to  longitudinal  (transverse)  sound  speed  si 
(st)  in  cylinder  material,  where 

_  [X-v)E  ^  E 

^  (1  —  2i/)(l  4-  i')p  ’  *  2(1  +  i')p 

For  the  outer  region,  r  >  R,  the  displacements  of  water  is  specified  by  a  scalar 
potential  $  according  to  Eq.  (2). 

In  order  to  describe  harmonic  vibrations  (with  frequency  to  and  wavevector 
kz  =  k/R)  in  a  coupled  cylinder- water  system,  localized  near  the  surface  of  the 
filament,  we  set 


■  $  ■ 

■  iCQ  Kmil^wT  1 R) 

1 

iciIm{K-irlR) 

V’ 

”  R 

C2lTn{ntrlR) 

.  %  . 

.  C3/m(«tr/il)  . 

exp(imi^  -|-  ikzjR  —  iujt)  , 


(14) 


where  =  k^  —  {toR/atY,  nf  —  k^  —  {(joRjaiYi  and  —  k"^  —  [(jjRla-ujY-  Note 
that  in  the  case  of  <  0  (i.e.  u)  >  a-uikz)  the  acoustic  energy  is  radiated  from  the 
filament  into  surrounding  water.  Also,  if  <  0,  the  corresponding  scalar  potentials 
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specify  confined  vibrations,  which  do  not  decay  exponentially  towards  the  center  of 
the  filament. 

Applying  standard  boundary  conditions  [16]  for  a  stress  tensor  aX  r  —  R,  and  ex¬ 
pressing  the  water  pressure  on  the  filament  in  terms  of  U,  we  arrive  at  the  eigenequa- 
tion  for  elastic  vibrations  of  coupled  water-filament  system: 


V  [ci,  C2,  ca]^  —  0  , 


where  the  matrix  V  is  equal  to 
r  2m{Iio-Iii) 


( Kj  +  2m^  )/to  +  2/ti 


2mk{Ito  -  Iti) 
-{4  +  P)In 


[  {2m^  +  P  +  4)Iio-2{l  +  W)Iii  2m[In  -  (1  +  W)Ito]  2k[{m^ +  4)Ito-il  +  W)Iti] 
Here  we  use  notations  Ii^to  =  Ii^ti  =  term 


describes  the  effect  of  water  on  the  vibration  of  the  filament.  In  absence  of  water, 
Eqs.  (15)  and  (16)  reduce  to  these  for  elastic  vibrations  of  a  free  cylindrical  rod  [16]. 
The  dispersion  relation  of  the  vibrations  in  a  water-filament  system  is  obtained  by 
requiring  that  the  determinant  of  matrix  V  equals  zero,  and  specifies  formally  infinite 
set  of  modes  for  each  azimuthal  number  m. 

In  the  case  of  axisymmetric  vibrations  {m  —  0)  the  characteristic  equa¬ 
tion  specified  by  the  matrix  V  in  Eq.  (16),  defines  two  uncoupled  sets  of  modes 
corresponding  to  pure  torsional  and  radial-longitudinal  vibrations.  The  torsional  vi¬ 
brations  of  the  filament  are  decoupled  from  the  water  motion  and  are  characterized 
by  the  dispersion  law  _ _ 

4’  = 

and  the  displacement  vector  with  components  Ur  -■  =  0,  and  oc  where 

the  integer  index  j  numerates  nonzero  solutions  of  equation  JiiCj)  “  Besides  the 
generic  set  of  solutions  in  Eq.  (18),  there  exists  also  a  special  mode  with  a  linear 

dispersion  law,  --=  StK,  and  the  displacement  oc 

The  radial-longitudinal  are  specified  by  a  characteristic  equation 


Klh{Ki) 


where  the  filament-water  coupling  factor  W  given  by  Eq.  (17).  In  absence  of  water, 
=  0,  Eq.  (19)  is  reduced  to  the  Pochhammer  equation  and  was  analyzed  in  much 
detail  [6].  The  dispersion  relation  for  the  lowest  longitudinal- radial  mode  in  the 
limits  of  small  and  large  wavevectors  k  has  the  following  behavior 

J£\k)  ~  I  ^  I’  (20) 
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Thus,  in  the  long  wavelength  limit  the  acoustic  mode  corresponds  to 

longitudinal  waves  in  thin  rods  [16]  with  propagation  speed  of  sjEj p.  Since  the  water- 
filament  coupling  term  W  given  by  Eq.  (17)  tends  to  zero  at  small  frequencies  the 
asymptotic  relation  ~  \Je  j pk  is  not  changed  in  the  presence  of  water.  In  the 

short  wavelength]im\i  this  mode  describes  es  the  surface  (interface)  Rayleigh  (Stonley) 
wave  propagating  near  cylinder  surface  (water- cylinder  interface).  Corresponding 
propagation  speed  s  is  found  as  a  solution  of  standard  algebraic  equations  for  Rayleigh 
or  Stonley  velocities  [16], 

In  absence  of  water  [6],  the  dispersion  of  higher  order  longitudinal-radial  modes, 
<Ji^op(K)  with  j  >  1,  can  be  characterized  by  the  following  interpolation  formula,  valid 
in  the  limits  of  <C  1  and  fc  >  y  -f  1: 

~  3,^Cqiry  +  kl  ,  (21) 

where  constants  are  given  by  nonzero  roots  of  equations 

(5,Ci/50  =  0  or  (5,0/2)  Jo  (0)  =  Ji  (0)  . 

In  the  intermediate  region,  1  <C  A:  <  j  -f  1,  the  waves  propagate  with  a  bulk  longitu¬ 
dinal  sound  speed,  w  «  sik^.. 

Thus,  at  A;  =  0,  the  modes  with  y  >  1  have  finite  cutoff  frequencies  equal 
to  (jRjst.  The  situation  is  changed  when  water  is  present.  When  W  ^  0,  the 
region  iv  >  s^k^  corresponds  to  radiation  of  acoustic  waves  out  of  the  filament,  and  is 
characterized  by  a  complex  frequency  spectrum.  Analysis  of  Eq.  (19)  shows  that,  with 
decrease  of  k^,  the  branches  enter  the  radiational  sector  w  >  $w^z  a-t  frequencies 
ojj,  given  by  nonzero  solutions  of  either  of  the  following  two  equations: 

Ji  =  0,  or  Ji  =  0  . 

Finally,  in  the  limit  of  large  wavevector  independent  of  presence  of  water,  the 
dispersion  relation  takes  the  form  u  ~  Stkg,  corresponding  the  confined  transverse 
waves  in  the  filament. 

Vibrations  with  m  >  1  describe  the  flexural  waves  of  the  filament,  and  are 
specified  by  Eqs.  (15)  and  (16).  It  has  been  shown  [6]  that,  in  absence  of  water, 
there  exists  only  one  flexural  mode,  emanating  from  the  origin  (i.e.  a;(0)  =  0).  This 
branch  corresponds  to  azimuthal  number  m  =  1  and  is  characterized  by  a  parabolic 
dispersion  at  A:^  <C  1:  _ 

.  (22) 

Such  a  type  of  vibrations  corresponds  to  the  bending  mode  of  very  thin  rods  and 
is  predicted  by  a  simple  linear  model  [16].  Since  the  water-cylinder  coupling  term, 
defined  by  Eq.  (17),  vanishes  at  small  u  and  k^,  the  long  wavelength  asymptotics, 
given  by  Eq.  (22),  holds  in  the  presence  of  water  as  well. 

The  rest  of  the  flexural  modes,  in  absence  of  water,  have  finite  cutoff  frequencies 
at  k^  =  0.  With  water  present,  their  frequencies  gain  a  negative  imaginary  part  at 
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uj  >  and  the  acoustic  energy  is  radiated  from  the  wire.  At  large  wave  vector, 

kz  m  +  1,  all  flexural  modes  behave  like  transverse  waves,  ~  5t«z)  while  in  the 
intermediate  region  of  1  <  <  m  +  1  the  dependence  ~  5/A:,  is  revealed. 

In  order  to  visualize  the  dispersion  relations,  we  present  the  calculated  depen¬ 
dence  u}{k)  for  axisymmetric  radial-longitudinal  waves  on  Fig.  2.  To  emphasize  on  the 
universal  properties  of  filament  vibration,  independent  on  absolute  values  of  radius 
R  and  material  propagation  speed  St,  we  use  the  dimensionless  frequency  wit/5 1  and 
the  dimensionless  wave  vector  k  =  kzR.  The  frequencies  of  the  filament  vibrations  in 
presence  of  water  and  without  the  surrounding  water,  are  marked  by  sohd  and  dashed 
lines,  respectively;  the  dotted  straight  lines  correspond  to  w  =  5/«,  and  w  -  5f«,; 
Poisson’s  ratio  is  taken  as  i/  =  0.3. 

As  seen  from  Fig.  2,  the  free  vibrations  of  the  filament  (dashed  lines)  are  char¬ 
acterized  by  one  acoustic  mode  and  a  set  of  higher  modes  with  finite  cutoff  fre¬ 
quencies.  In  the  long  wavelength  limit,  the  acoustic  wave  propagates  with  a  speed 

JeJ p  ~  1.61  St,  in  agreement  with  results  of  a  simple  linear  theory;  at  large  k  the 

acoustic  mode  becomes  a  surface  wave  with  a  propagation  speed  equal  to  Rayleigh 
velocity,  «  0.93sf.  The  higher  modes  demonstrate  an  anticrossing  behavior  in 
the  region  s/A:,  <  w  <  SfA:,,  and  have  a  phase  velocity  approaching  St  at  higher 
wavevector  A:,. 

For  numerical  calculation  of  dispersion  relation  in  filament-water  system  (solid 
lines)  we  choose  the  parameters  of  actin  filaments  (AFs).  As  for  elastic  constants, 
the  experimentally  measured  quantity  is  ES,  where  S  is  an  effective  crop-section  of 
a  filament.  Recent  measurements  of  the  parameter  ES  for  AFs  gave  the  valup  of 
43.7  ±4.6  nN  [8]  and  46.8  ±2.8  nN  [10].  Using  the  value  ES  =  46  nN,  the  mass  of  the 
tubulin  monomer  M  =  43  kDa,  and  the  rise  per  monomer  i  =  2  75  nm,  we  find  the 

propagation  speed  of  acoustic  radial-longitudinal  wave  equal  to  y'E/p  :=  ^ESijM  ^ 
1.3  km/s.  Then,  using  the  value  v  =  0.3,  we  find  a  transverse  sound  speed,  St  ^  800 
m/s,  and  a  longitudinal  sound  speed,  5/  «  1.5  km/s,  of  the  AF  material.  The  bulk 
longitudinal  propagation  speed  s/  of  AF  material  practically  coincides  with  the  sound 
speed  in  water,  5,  «  s,„.  FinaUy,  to  find  the  AF  radius  R  and  densRy  p,  we  should 
introduce  a  somewhat  arbitrarily  defined  cross-section  area  S.  Taking  5  -  25  nm 
[8],  we  obtain  the  radius  R  =  ^  2.8  nm  and  filament  density  p^  MjlS  ^  1.05 

g/cm^.  We  also  find  that  the  dimensionless  frequency,  tvRlst,  of  Fig.  2  corresponds 
to  a  cyclic  frequency  fo  =  SiI^-kR  ^  45  GHz  when  u>Rlst  —  1- 

The  dispersion  relations  for  the  axisymmetric  radial-longitudinal  modes  corre¬ 
spond  to  solid  lines  on  Fig.  2.  The  most  important  effect  of  water  on  tlm  vibration 
of  the  filament  is  that  the  acoustic  energy  is  radiated  by  those  waves  with  the  phase 
velocities,  w/A:,,  exceeding  the  speed  of  sound  in  water,  5,„^he  lowest,  acoustic  mode 

has,  in  the  long  wavelength  limit,  a  propagation  speed  yfE/p  «  1300  m/s,  lower  than 
the  sound  speed  in  water,  and  is  not  affected  by  presence  of  solvent  for  A:  <C  L  At 
large  wavevector  k,  the  lowest  mode  corresponds  to  interface  vibrations  and  has  a 
propagation  speed  lower  than  the  Rayleigh  speed  in  absence  of  water.  In  the 
region  u;  >  s^kz,  the  higher-order  modes  are  radiated  from  the  filament  an^d  are  not 
shown  on  Fig.  2,  since  their  frequencies  are  complex.  The  frequencies  of  the  higher- 
order  modes  coincide  with  those  for  a  free  filament  at  a;  =  and  in  the  regmn  of 

oj  >  SujA:,  the  vibrational  frequencies  in  the  coupled  water-filament  system  are  shghtly 
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lower  than  those  for  a  free  filament.  At  large  wavevector,  >  tu/st,  the  propagation 
speeds  for  waves  in  both  filament-water  system  and  free  filament  approach  the  bulk 
transverse  speed  Sj.  We  do  not  present  the  numerical  results  for  the  flexural  modes 
(m  >  1),  since  qualitatively  the  behavior  of  these  modes  is  similar  to  higher-order 
modes  in  Fig.  2.  The  only  exception  occurs  in  the  case  of  m  =  1,  where  an  additional 
bending  mode  arises  with  the  parabolic  dispersion  law,  given  by  Eq.  (22). 


IV.  CONCLUSION 

In  this  paper  we  described  the  general,  universal  properties  of  long  protein 
dynamics,  treating  the  protein  as  a  continues  medium  and  using  the  formalism  of 
classical  elasticity  theory.  While  this  model  does  not  provide  the  detailed  information 
about  microscopic  movements  of  each  constituent  element,  such  an  approach  can 
describe  adequately  the  most  important  long-range,  collective  conformal  motion  of 
the  protein.  Relative  simplicity  of  the  obtained  results,  their  independence  on  specific 
structure  of  the  protein,  emphasis  on  the  most  universal  properties  of  vibrations,  and 
inclusion  of  the  solvent  effects  in  the  natural  way,  allows  this  approach  to  complement 
ad  hoc,  microscopic  study  of  protein  dynamics. 

For  specific  implementation  of  our  model,  we  have  chosen  two  types  of  struc¬ 
tures;  long  cylindrical  rods  and  hollow  cylindrical  shells  filled  with  a  solvent.  These 
two  topologically  different  geometries  serve  as  a  physically  reasonable  approximation- 
s  for  a  large  variety  of  filamentous  structures,  such  as  microtubules,  microfilaments, 
and  intermediate  filaments.  The  elastic  parameters  of  the  model  have  been  taken 
from  measurements  of  flexural  rigidity  of  these  objects.  The  waves  propagating  near 
the  shell  (filament)  interface  were  classified  and  characterized  according  their  pattern, 
and  the  dispersion  of  these  waves  was  analyzed  both  analytically  and  numerically.  In 
the  long  wavelength  limit,  the  results  of  simple  linear  theory  for  thin  elastic  rods  has 
been  reproduced. 

In  particular,  for  cylindrical  geometry  (filaments),  two  acoustic  waves  and  one 
helical  wave  have  been  found.  As  for  water-shell  system  (microtubules),  there  exist 
three  acoustic  modes  (one  of  them  appears  due  to  interaction  with  solvent)  and  a  set 
of  helical,  flexural  waves.  Both  structures  support  also  higher  frequency  waves  which 
become  radiative  at  large  wavelength  with  mechanical  energy  leaking  to  surrounding 
solvent.  The  results  obtained  in  this  paper  are  of  general,  universal  character  and 
complement  detailed  microscopic  calculations  of  long  protein  dynamics. 
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Fig.  2.  Dimensionless  frequency  wR/st  vs.  wavevector  k^R  for  axisymmetric 
radial-longitudinal  vibrations  of  a  cylindrical  filament.  Solid  and  dashed  lines  corre¬ 
spond  to  vibrations  of  the  filament  with  and  without  water,  respectively.  Dotted  lines 
corrspond  to  w  =  sik^  =  s^k^  (upper  line)  and  iv  =  Stk^  (lower  line). 
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ABSTRACT 

We  report  on  the  operating  modes  of  electron  waveguide 
structures  including  single-  and  dual-branch  coupling  schemes.  T  e 
analysis  of  ballistic  transport  is  carried  out  using  mode  rnatchmg 
techniques  with  special  attention  on  wave  function  patterns  and  phase 
conditions.  Various  configurations  are  investigated  by  means  ot 
conductance  spectra  in  order  to  determine  how  the  electron  streams  can  be 
driven  towards  the  output  terminals.  For  single-branch  structures,  a 
backward  operating  mode  was  pointed  out  by  a  proper  breaking  of  the 
wave  function  symmetry.  For  dual-branch  structures,  equal  sharing  (  - 
coupler)  and  full  transfer  conditions  (electronic  switch)  were  obtained  due 
to  interference  phenomena.  Finally,  by  viewing  the  charge  transfer  as  a 
resonant  process,  sub-picosecond  time  response  of  coupling  mechanisms 
are  found. 


INTRODUCTION 

Electronic  transport  in  confined  semiconductor  geometries  has  received 
increasing  interest  in  the  past  few  years  with  the  potential  for  a  new  class  of  devices 
whose  functionality  appears  promising  for  the  future.  Therefore,  a  ^-shaped  quantum 
wire  was  proposed  as  a  quantum  transistor  [1]  and  a  double  waveguide  structure  as 
the  basic  cell  for  an  analogue-digital  converter  [2],  Basically,  these  new  devices  take 
advantage  of  the  extremely  high  mobility  at  low  temperature[3]  of  a  two-dimensional 
(2D)  electron  gas  which  preserves  a  ballistic  transport  of  charges  over  submicron 
Stances.  Moreover,  recent  advance  in  electron  lithography  at  the  nanometer  scde 
made  it  possible  to  control  the  lateral  extent  of  the  2D  gas  in  such  a  way  ‘hat  * 
motion  is  solely  along  one  direction.  Such  electron  waveguide  structures  have  been 
widely  studied  in  the  literature  with  notably  the  demonstration  of  conductance 
quantization  [4],  A  next  step  in  the  understanding  of  electron  transport  in  these  ultra- 
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small  one-dimensional  structures  is  to  study  their  junctions.  This  can  be  done  either  in 
a  two  terminal  configuration  with  stub-like  or  resonator-like  structures  as  example  [5] 
or  in  a  multi-access  scheme  as  it  is  the  case  for  a  directional  coupler  by  analogy  with 
optics  and  microwave  components.  For  the  latter,  an  extremely  narrow  gate  controls 
the  height  and  the  width  of  a  tunneling  barrier  which  interconnects  two  waveguides  in 
close  proximity  [6].  In  this  paper,  another  approach  is  considered  with  open  windows 
interconnecting  two  quantum  wires  [7],  Beyond  the  search  of  new  degree  of  freedom 
in  the  design,  one  of  the  major  advantage  of  such  structures  is  the  openness  of  the 
system.  In  terms  of  time  response,  this  feature  appears  favorable  by  avoiding  the  use  of 
electrostatic  tunneling  barrier  with  highly  selective  transmissivity.  The  paper  is 
organized  as  follows,  the  numerical  procedure  is  briefly  presented.  Then  we  analyzed 
various  operating  modes  both  for  single-  (SBC)  and  dual-  (DBC)  branch  coupling 
schemes  including  backward  wave  operation,  3-dB  coupling  and  lateral  real  space 
transfer.  Finally,  the  characteristic  times  of  coupling  mechanisms  are  discussed. 


NUMERICAL  PROCEDURE 

The  topology  of  the  structure  we  proposed  is  schematized  in  Figure  1.  Here  we 
assume  that  a  2D  gas,  as  it  observed  at  the  interface  of  a  conventional  GaAs/AlGaAs 
heterostructure,  was  laterally  confined  by  split  gates  implemented  on  top  of  the  high- 
gap  layer.  Figure  1  depicts  the  undepleted  paths  where  the  electron  gas  is  free  to  move 
ballistically.  Under  these  conditions,  the  conduction  properties  are  solely  determined 
by  the  geometry  of  the  structure  which  consists  of  four  terminals,  labelled  port  1  to  4, 
acting  as  access  regions  of  two  quantum  wires  and  of  an  active  quantum  region 
interconnecting  them. 


Figure  1 :  Schematic  view  of  the  quantum  directional  coupler 
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In  this  work,  two  coupling  structures  have  been  considered:  a  Single  Branch 
Coupler  (SBC)  and  a  Dual  Branch  Coupler  (DBC).  For  both  designs,  the  numerical 
procedure  is  quite  the  same  and  differs  solely  by  the  number  of  sub-regions  used  for 
partitioning  the  coupling  waveguide  region  (3  sub-regions  for  a  SBC  and  8  for  a 
DBC).  To  solve  the  time-independent  Schrbdinger  equation,  we  use  the  following 
assumptions:  the  confining  potentials  are  considered  as  hard  walls  and  square  corners^ 
Moreover,  we  assume  near-equilibrium  conditions  for  the  2D  gas.  The  numerical 
method  is  based  on  a  mode  matching  technique  first  introduced  by  Kuhn  [8]  for 
electromagnetic  waveguides  and  recently  used  by  Weisshaar  et  al  [9]  for  analyzing  two 
port  electron  waveguide  structures.  We  have  extended  this  procedure  in  order  to  study 
four  port  structures  with  the  associated  benefit  of  a  wide  range  of  possible  designs. 
Port  1  was  taken  as  the  reference  port  with  forward  and  backward  waves  for 
describing  the  wave  injection  and  return  resulting  from  reflexion  of  the  wave  function 
interacting  with  the  coupling  region.  In  contrast,  perfect  matching  was  assumed  in  the 
output  ports,  that  is  to  say  that  we  consider  only  leaving  waves  in  the  regions 
numbered  2,’  3  and  4.  In  each  sub-region  of  the  simulation  domain,  the  2D  wave 
function  can  be  expanded  in  a  set  of  orthogonal  functions.  This  series  expansior^ 
theoretically  infinite,  is  indexed  by  the  quantum  levels  of  the  waveguide  and  weighted 
by  a  propagating  or  attenuating  term  depending  on  the  energy  considered.  After 
truncation  the  application  of  continuity  conditions  for  the  wave  function  and  for  its 
normal  derivative  at  each  interface  leads  to  a  set  of  linear  equations  which  can  be 
solved  to  determine  completely  the  wave  function  Once  'P  is  known,  transmission 
coefficients  as  well  as  conductance  at  each  output  arm,  according  to  the  Landauer- 
Buttiker  formula  [10],  can  be  deduced.  Finally,  as  it  is  done  for  microwave  couplers, 
we  define  the  coupling  coefficient  as  the  sharing  of  T'  between  port  1  and  port  3,  and 
the  directivity  as  the  measure  of  the  unbalance  between  the  electron  waves  at  the 
output  ports  of  the  coupled  waveguide  namely  port  3  and  port  4.  In  practice,  the 
coupling  and  directivity  coefficients  can  be  expressed  as  a  function  of  conductance 
values.  Details  of  the  numerical  procedure  can  be  found  in  reference  [11]. 


SINGLE-BRANCH  COUPLER 

Figure  2  shows  the  conductance  evolution  as  a  function  of  the  waveguide 
widths  (L  J  in  the  case  of  a  SBC.  In  an  experiment,  varying  corresponds  to  a 
variation  of  the  confinement  induced  by  a  biasing  of  outer  gates  in  the  y  direction.  The 
characteristic  dimensions  of  the  active  region  are  30  nm  in  the  x  direction  (quantuni 
wires)  and  20  nm  in  the  y  direction  (branch-line)  according  to  the  notation  of 
Figure  1.  For  a  fixed  energy  of  30  meV,  the  first  propagating  mode  appears  for 
L  =  13  7  nm  With  respect  to  an  uniform  electron  waveguide  which  exhibits 
conductance  plateaus  in  units  of  2e2/h,  one  can  note  that  the  variations  of  the 
conductance  62,  which  describes  the  straight-through  conduction  between  the  feeding 
port  1  and  the  output  port  2,  is  strongly  perturbed  by  the  coupling  process. 
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Figure  2  :  Conductance  characteristics  at  the  three  output  ports  for  a  single  branch 
coupler  as  a  function  of 

A  full  transfer  is  only  recovered  at  each  cut-off  length  for  which  a  higher  mode 
is  accommodated.  This  is  notably  the  case  for  =  27.4  nm  which  corresponds  to  a 
propagating  second  order  mode.  Concerning  the  values  of  G3  and  G4,  which  reflect 
the  conductance  levels  within  the  coupled  waveguide,  the  highest  values  are  always 
lower  than  2e2/h  even  for  a  bi-mode  operation.  Indeed,  a  carefiil  analysis  of  coupling 
processes  in  waveguides  with  several  propagating  modes  shows  that  only  the  highest 
order  mode  contributes  to  the  coupling.  On  this  basis,  it  seems  preferable  to  work  in  a 
monomode  situation  and  hence  for  between  13,7  and  27.4  nm  which  is  now 
detailed.  Therefore,  for  a  value  of  close  to  21  nm,  one  can  note  that  the  stream  of 
electrons  is  driven  almost  entirely  towards  port  4.  The  conductance  at  this  output  port 
is  equal  to  0.9  x  2e2/h  (  and  not  1  x  2e2/h  due  to  significant  return  loss  as  it  will  seen 
hereafter)  whereas  values  at  port  2  and  3  are  almost  zero.  This  is  the  typical  situation 
of  a  backward  wave  regime  where  a  quasi-flill  transfer  occurs  between  the  two  parallel 
waveguides  along  with  a  reversal  in  the  direction  of  propagation. 

In  order  to  have  a  better  understanding  of  this  turnaround  process,  Figure  3  a 
shows  a  three-dimensional  plot  of  the  modulus  of  the  wave  function  |  4^  | .  First  of  all 
one,  can  note  that  i  'F I  exhibits  a  node  in  the  two  quantum  regions  connecting  ports  3 
and  4.  Such  a  pattern  is  characteristic  of  a  two-order  mode  which  cannot  propagate  in 
the  quantum  wires  owing  to  cut-off  considerations.  This  explains  the  rapid 
evanescence  of  the  probability  waves  in  these  two  output  ports.  On  the  other  hand,  it 
can  be  seen  that  the  wave  fimction  is  highly  asymmetric  in  the  coupling  branch  with  an 
accumulation  in  the  presence  probability  density  close  to  the  confinement  wall  located 
on  the  right  hand  side  of  the  figure.  By  systematically  varying  the  ratio  between  wire 
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and  branch  widths  (here  this  ratio  is  0.66:1),  it  was  found  that  this  asymmetry  was  a 
key  feature  for  successful  backward  operation,  the  confinement  wall  aforementioned 
acting  as  a  repelling  barrier.  Illustration  of  the  bending  of  the  wave  front  can  also  be 
found  by  plotting  the  iso-phases  of  the  waveflinction  reported  in  Figure  3b. 


Figure  3  :  Illustration  of  a  backward  wave  operation  in  a  single  branch  coupler  :  (a) 
3-D  view  of  the  modulus  of  the  wave  function,  (b)  2-D  plotting  of  the  phase  of  the 
wave  function 
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At  the  entrance  of  the  coupling  region  starting  from  a  well  defined  propagating 
mode  with  regular  phase  front  and  phase  rotation  between  -nil  and  +7t/2,  one  can  note 
a  first  bending  of  the  wave  front  which  initiates  the  coupling  process.  Within  the 
interconnecting  region,  the  curvature  is  reverse.  Such  a  pattern  emphasizes  the  role 
played  by  the  right-hand  side  wall  which  behaves,  due  to  quantum  reflexion,  as  a 
virtual  source  inducing  two  streams  towards  port  1  and  4  respectively.  These  two 
probability  waves  are  responsible  for  the  ripple  observed  in  the  feeding  wire  and  for 
the  transfer  in  the  opposite  direction  towards  the  output  port  4.  In  the  wires 
corresponding  to  the  output  ports  3  and  2,  the  phase  is  seen  almost  constant  over  a 
sizeable  distance.  This  is  explained  by  the  predominance  in  this  region  of  an  evanescent 
two-order  mode  superimposed  onto  the  ground  propagating  mode.  Far  away  from  the 
coupling  region  the  wave  function  is  practically  quenched.  Again  the  phase  front 
becomes  comparable  to  those  observed  in  ports  1  and  4.  However  this  propagating 
contribution  is  negligible  and  hence  the  conductance,  because  the  magnitude  of  the 
probability  density  is  very  low  in  this  region. 

Another  frequent  use  of  microwave  couplers  is  the  "so-called"  hybrid  coupler 
or  3-dB  coupler  where  the  incident  flux  is  equally  shared  between  two  of  the  three 
output  ports.  Such  a  configuration  can  be  obtained  using  a  SBC  by  using  a  large 
interconnecting  branch,  at  least  three  times  wider  than  the  incident  wire.  However, 
such  relatively  large  dimensions  imply  the  existence  of  many  propagating  modes  in  the 
coupling  region  resulting  in  a  rather  low  directivity.  This  drawback  can  be  alleviated 
by  the  use  of  a  double  branch  coupler  (DBC)  with  characteristic  dimensions  for  the 
wires  and  for  the  interaction  region  of  the  same  order  preserving  by  this  means  a 
monomode  operation. 


DOUBLE-BRANCH  COUPLER 

Figure  4  shows  the  results  obtained  for  the  coupling  coefficient  (C)  and  the 
directivity  (D)  as  a  function  of  in  the  case  of  a  DBC  calculated  at  an  energy  of 
20  meV.  Here,  except  L^,  all  the  dimensions  (branch  length  and  width,  inter-branch 
distance)  are  fixed  to  20  nm.  The  directivity  in  most  cases  appears  positive  and  hence 
with  a  preferential  transfer  towards  port  3.  Over  the  wire  width  investigated  and  in  the 
monomode  regime,  values  as  high  as  30  dB  can  be  reached.  Concerning  the  coupling 
coefficient  values  close  to  0  dB,  they  correspond  to  a  full  transfer  of  the  carrier  stream 
from  the  first  wire  towards  the  second  one.  This  gives  rise  to  various  operating 
regimes  illustrated  just  afler.  If  we  consider  now  a  multimode  operation,  one  can  note 
a  decrease  of  D,  with  maximum  values  around  12  dB.  Moreover,  C  does  not  exceed 
6  dB  in  agreement  with  the  argument  of  coupling  mechanisms  dominated  by  the 
highest  order  propagating  mode.  In  the  same  way,  a  monomode  operation  seems 
preferable  here  and  we  will  focus  on  two  operating  regimes  namely  the  3  dB  coupler 
and  the  electronic  switch. 
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Figure  4  ;  Coupling  coefficient  and  Directivity  as  a  function  of  Lw  for  a  double 
branch  coupler  at  an  energy  of  20  meV 

Figure  5  gives  the  two  dimensional  plots  of  the  probability  density  (Figure  5a) 
and  of  the  iso-phases  of  the  wave  function  (Figure  5b)  for  a  3-dB  coupling.  In  this 
case  the  reference  energy  is  3 1  meV  and  all  the  dimensions  are  fixed  to  20  nm.  The 
directivity  is  here  17  dB.  Let  us  note  that  an  optimization  of  D  can  be  undertaken  by 
varying  systematically  the  quantum  wire  dimensions  at  a  given  energy.  On  this  basis, 
directivity  coefficients  starting  from  15  up  to  35  dB  in  the  20-40  meV  energy  range 
can  be  obtained. 

From  Figure  5a,  one  can  see  that  an  equal  sharing  of  the  presence  probability  is 
apparent  at  the  output  ports  1  and  3  along  with  a  low  reflection  coefficient  at  the 
feeding  port  1  (quantitatively  lower  than  0.01),  characterized  by  very  small  changes  of 
grey  depth  at  the  center  of  the  incident  wire  due  to  the  ripple  in  the  probability 
maxima.  Conversely,  the  conductance  value  at  port  4  is  very  low  (less  than 
0.01  X  2e2/h  in  best  cases).  As  before,  such  a  low  transmissivity  is  due  to  a  rapid  decay 
in  the  wave  function  due  to  excitation  of  a  higher-order  evanescent  mode  (a  node  is 
apparent  in  the  middle  of  the  channel  at  port  4).  However,  the  situation  is  a  little  bit 
complicated  with  respect  to  the  single  branch  structure  due  to  interference  effects. 
Such  effects  are  a  direct  consequence  of  the  two  distinct  coupling  paths  and  one  can 
expect  that  the  electron  waves  are  in-phase  in  the  sub-region  near  port  3  and  out-of¬ 
phase  in  the  vicinity  of  port  4. 
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Figure  5  :  2-dimensional  views  of  the  presence  probability  (a)  and  of  the  phase  (b) 
for  a  3-dB  coupling  operating  mode  using  a  double  branch  scheme. 

This  interpretation  based  on  constructive  and  destructive  interferences  can  be 
supported  by  analyzing  the  iso-phase  pattern  displayed  in  Figure  5b.  It  can  be  seen  that 
the  two  branches  behave  differently  with  well  defined  phase  rotation  for  the  second 
branch  whereas  the  phase  in  the  first  branch  is  almost  constant. The  fact  that  the  phase 
front  is  lost  for  the  latter  can  be  explained  by  the  superimposition  of  a  primary 
electron  stream  transmitted  by  the  first  branch  and  a  back-scattered  wave  issued  from 
the  second  branch. 
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In  order  to  illustrate  how  the  DBC  can  also  be  used  as  a  quantum  interference 
electronic  switch,  we  have  reduced  the  lengths  of  both  interconnecting  branches  down 
to  15  nm.  The  other  dimensions  remain  unchanged  and  the  energy  was  equal  to 
25  meV.  Figures  6a  and  6b  show  the  presence  probability  within  the  simulation 
domain  for  the  two  opposite  states  of  the  switch.  Figure  6a  corresponds  to  the  case  of 
a  straight-through  transmission,  obtained  for  =  29  nm  (  conductance  at  port  2  is 
0.994  X  2e2/h).  Two  accumulation  density  dots  of  second  order  kind  are  apparent  in 
the  coupled  wire  explaining  a  rapid  evanescence  of  electron  wave  and  thus  forbidding 
an  efficient  coupling  process. 


Xaxis 


Xaxis 


Figure  6  :  2-dimensional  views  of  the  presence  probability  for  the  switching  process 
using  a  double  branch  scheme:  (a)  straight-through  transmission,  (b)  lateral  real 
space  transfer 
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In  contrast,  for  =  27.4  nm,  we  obtained  the  results  shown  in  Figure  6b 
which  illustrates  the  case  of  lateral  real  space  transfer  with  a  high  transfer  ratio 
(conductance  at  port  3  close  to  0.95  x  2e2/h).  As  in  the  3-dB  coupling  case,  the  high 
directivity  of  this  wave  control  stems  from  constructive  and  destructive  inferences  of 
the  scattered  waves  in  phase  in  port  3  and  out-of-phase  in  port  2  and  4.  By  use  of  this 
two  possible  scenarios,  the  concept  of  a  switching  action,  relying  entirely  on  quantum 
interference,  can  be  supported.  As  a  last  comment,  we  have  to  emphasize  that  the  four 
terminal  configuration  appears  promising  from  the  return-loss  point  of  view,  since  the 
electron  flux  is  transferred  and  not  reflected  during  the  switching  process.  This  point 
could  be  checked  by  calculating  the  reflexion  coefficient  at  port  1  whose  magnitude 
was  found  very  low. 

TIME  RESPONSE  OF  COUPLING  MECHANISMS 

In  this  last  section,  we  try  to  estimate  the  time  response  of  the  coupling 
mechanisms  involved  both  in  DBC’s  and  SBC’s.  Indeed,  by  viewing  the  transfer  of 
electrons  from  one  wire  to  the  another  as  a  resonant  process,  it  is  possible  to  calculate 
the  characteristic  time  as  example  for  the  switching  process  described  above.  To  this 
aim,  we  use  the  transmission  probabilities  versus  electron  energy  calculated  mode  by 
mode  at  each  port  of  the  structure  rather  than  the  conductance  data  versus  L^. 


Figure  7  :  Quantum  transmission  probabilities  for  the  switching  process  as  a  fimction 
of  energy 
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By  way  of  illustration,  Figure  7  shows  the  variations  of  the  transmission 
coefficients  in  the  single  mode  limit  at  the  three  output  ports  of  a  DBC  The 
dimensions  used  correspond  to  the  case  of  the  lateral  real  space  transfer  analyzed 
previously.  The  energy  has  been  varied  around  25  meV.  With  respect  to  the  analysis 
made  before,  the  same  tendencies  can  be  noted:  an  upward  cusp  for  channel  3  with 
resonant  peak  at  25  meV  and  a  downward  cusp  for  the  other  ports.  Using  now  the 
width  at  half  maximum  of  the  peak  (labelled  T),  it  is  possible  to  determinejhe  dwelling 
time  (t)  within  the  coupling  region  by  :  x  =  ^/F.  In  this  case,  we  obtain  T  -  1 .2  meV  or 
T  =  0  55  ps  which  validates  the  expectation  of  a  very  fast  transfer  process.  The  same 
procedure  can  be  used  for  the  backward  wave  operating  mode  using  the  single  branch 
structure.  In  that  case,  the  time  response  obtained  is  lower  with  x  =  0.15  ps.  In  fact, 
for  the  latter,  the  coupling  process  appears  relatively  straight  forward  whereas  the 
coupling  phenomena  involve  a  more  complex  wave  pattern  for  a  DBC. 


CONCLUSION 

In  summary,  we  have  investigated  theoretically  the  potential  of  quantum 
couplers  in  a  four-port  configuration  which  consist  of  two  parallel  electron 
waveguides  connected  by  one  or  two  branch-lines.  For  this  analysis,  a  numerical  code 
for  solving  the  2-dimensional  Schrbdinger  equation,  based  on  a  mode-matching 
technique  has  been  successfully  developed.  As  the  topology  of  the  structure  is  varied, 
various  operating  modes  have  been  pointed  out:  (i)  a  backward  wave  regime  using  a 
single  branch  coupler,  (ii)  a  3-dB  coupler  using  a  dual  branch  scheme,  (m)  a  quantum 
interference  electronic  switch.  Using  an  open  coupling  window  instead  of  a  tunneling 
barrier  appears  a  welcome  feature  in  terms  of  time  response.  Preliminary  estimates  of 
the  dwelling  time  in  the  coupling  region  indicate  that  sub-picosecond  time  constants 
can  be  expected.  In  anticipation  of  future  improvements  in  fabrication  techniques  and 
higher  quality  material,  it  is  believed  that  this  new  class  of  quantum  components  can 
find  application  in  extremely  low-power-consumption  and  ultra-fast  devices. 
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ABSTRACT 

Gated  resonant  tunneling  devices  are  developed  for  applications  includ¬ 
ing  vertical  one- dimensional  quantum  dot  arrays  and  resonant  tunnel¬ 
ing  transistors.  Schottky  gate  deposition  directly  on  the  mesa  sidewall 
allows  submicron  device  dimensions  and  provides  vertically  uniform 
modulation  of  the  quantum  well  region  and  access  channels. 
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INTRODUCTION 


Developments  in  nanofabrication  have  facilitated  the  understanding  of  the  tunnel¬ 
ing  process  in  small  area  two-terminal  Resonant  Tunneling  Diodes  (RTDs)  [1,2]. 
Features  such  as  fine  structure  corresponding  to  the  discrete  density  of  states  of  a 
zero- dimensional  systems  and  single  electron  charging  effects  have  been  observed 
[1,2].  Interesting  electron  charging  and  coherence  effects  caused  by  the  interaction 
between  the  electrons  in  three  barrier/  two  quantum  wells  have  been  predicted  [3]. 
Resonant  tunneling  transistors  (RTTs)  have  also  attracted  interest  as  high  func¬ 
tionality  devices  [4].  The  use  of  a  third  terminal  (gate)  should  make  it  possible  to 
switch  a  RTD  from  the  large  area  regime  to  one  where  low-dimensional  or  Coulomb 
charging  effects  occur.  Several  gating  topologies  have  been  developed  for  RTDs,  in¬ 
cluding  gates  formed  by  in-plane  Schottky  metallization,  in-plane  implanted  gates 
and  Schottky  metallization  in  etched  recesses  [4-7].  The  applicabilities  of  these 
techniques  for  low-dimensional  structures  are  limited  by  the  vertical  asymmetry  in 
the  gating  action,  minimum  size  restrictions  (2/im)  due  to  the  lateral  straggle  of 
the  implantation  process  and  poor  device  performance  in  the  depletion  (pinch-off) 
regime,  respectively. 

We  present  a  new  self-aligned,  sidewall  gating  technique  for  applications  in 
the  fabrication  of  controllable  quantum  dot  arrays  and  RTTs.  The  application 
of  a  gate  directly  to  the  nearly  vertical  sidewall  should  provide  uniform  gating 
of  the  double  barrier  region  and  both  access  channels.  The  technique  developed 
herein  can  be  used  to  fabricate  devices  of  physical  dimensions  in  the  submicron 
regime  in  order  to  realize  high  perfomance  RTTs  as  well  as  the  small  area  vertical 
structures  proposed  for  the  study  of  linear  response  conductance  through  triple 
barrier/double  quantum  well  structures  [3]. 

DEVICE  DESCRIPTION 

The  epilayer  structure  shown  in  Fig.  1  was  grown  on  a  semi-insulating  substrate 
in  a  GEN  II  molecular-beam  epitaxy  (MBE)  system  at  a  growth  temperature  of 
600‘’C  for  all  layers  except  the  35  A  cap.  The  double-barrier  (DB)  heterostructure 
consists  of  two  AlGaAs  barriers  of  thickness  45  A  separated  by  an  i-GaAs  well  of 
thickness  50  A.  The  gradation  in  the  doping  near  the  DB  prevents  the  formation 
of  a  conduction  path  between  the  drain  and  the  source  through  the  breakdown  of 
either  the  gate- source  or  the  gate-drain  Schottky  diodes.  The  top- contact  Jay er 
structure  consists  of  a  1000  A  heavily  doped  GaAs  layer  capped  by  a  35  A  low 
temperature  grown  (250‘’C')  GaAs  layer  (LTG:GaAs).  To  define  the  device  mesa 
structure  shown  in  Fig.  2,  50  A  Ti/  1500  A  Au  non-alloyed  top  contacts  (Drain)  are 
patterned  on  the  surface  by  electron  beam  lithography  and  liftoff.  The  non-alloyed 
contact  structure  on  LTG;GaAs  provides  good  control  of  the  vertical  structure  and 


Electrochemical  Society  Proceedings  95-17 


287 


a  specific  contact  resistance  reported  to  be  as  low  as  l-2a:10  ^  [8]  Contact 

to  the  bottom  n-type  GaAs  layer  (Source)  is  made  by  optical  lithography,  with  a 
metallization  of  300  A  Ge  /  900  A  Au  /  100  A  Ni  annealed  in  a  rapid  thermal 
annealer  for  30  sec  at  465‘’C'.  The  mesa  etching  is  a  dual  step  procedure;  i)  0.3 
um  etch  using  a  Chemically  Assisted  Ion-Beam  Etching  (CAIBE)  followed  by  ii) 
0.2-0. 3  jum  isotropic  wet  chemical  etch  in  a  1:8:1000  H2SO4  ■  H2O2  :  Dl  water 
solution.  The  CAIBE  etch  period  was  50  sec  with  an  etch  rate  of  363  nm/min, 
the  etch  gas  was  Ch,  the  accelerating  voltage  was  lOOV,  the  ion  current  was 
100mA  and  the  sample  temperature  was  60°C.  The  CAIBE  etch  defines  a  clean 
vertical  sidewall  and  the  wet  etching  step  is  used  to  obtain  the  controlled  undercut 
necessary  to  isolate  the  gate  metal  from  the  top-contact  metal.  Using  the  top- 
contact  metal  as  the  shadow  mask,  the  gate  (100  A  Ti  /  100  A  Ni  /  200  A  Au)  is 
then  deposited  in  an  electron-beam  evaporator  with  the  substrate  mounted  on  a 
continously  rotating  chuck  and  aligned  at  an  angle  between  30  and  50  degrees  away 
from  the  normal  incidence  of  the  metallization  flux.  The  inclination  determines 
the  proximity  between  the  gate  and  the  top-contact  along  the  sidewall  of  the  mesa. 
Contact  to  probe  pads  from  the  top-contact  is  made  using  a  0.6-0.8/im  Au  thick 
airbridge,  which  is  aligned  to  the  top-contact  metal  by  opening  windows  in  a 
PMMA  photoresist  layer  using  the  electron-beam  lithography  system. 

ELECTRICAL  CHARACTERIZATION 

Fig.  3  shows  the  drain  currents  for  a  device  with  an  active  area  of  1.2/im  x 
1.2/.4m,  along  with  the  corresponding  gate  leakage  currents.  The  peak  current  at 
zero  gate  bias  is  220//A,  giving  a  peak  current  density  of  I.S.tIO-*  A/cm  ,  and  the 
peak  transconductance,  is  42/^5.  at  Vds  =  0.76V.  The  device  shows  gating  for 
both  positive  and  negative  gate  biases  with  a  maximum  efficiency  {gm  normalized 
to  current)  near  zero  gate  bias,  as  expected  for  a  depletion  mode  device.  Earlier 
work  on  the  in-plane  Schottky  devices  showed  an  increase  in  gating  efficiency  with 
increasing  drain-source  bias,  which  indicates  that  modulation  of  the  area  of  one 
of  the  access  channels,  rather  than  modulation  of  the  DB  region,  could  be  the 
cause  for  pinchoff  of  the  device  [6].  Since  the  gating  efficiency  in  the  sidewall 
gated  devices  is  almost  independent  of  the  gate  to  drain  bias,  we  conclude  that 
the  gating  is  not  dominated  by  the  pinching  of  the  drain  channel.  Discounting  the 
gate  leakage  currents  due  to  the  large  area  of  the  parasitic  gate-source  Schottky 
(about  3300/i;m^  for  these  devices),  reduction  in  peak  currents  up  to  36  percent  of 
the  zero  gate  bias  values  was  achieved  for  gate  biases  of  Vgs  =  -3V,  from  which 
we  estimate  a  depletion  thickness  of  230nm  at  each  edp.  Interesting  quantum 
confinement  effects  would  therefore  be  expected  for  devices  with  minimum  mesa 
widths  below  0.6//m.  Since  the  leakage  current  is  independent  of  the  gate  to  dram 
bias  and  is  determined  mainly  by  the  gate-source  bias,  it  is  concluded  that  most  of 


Electrochemical  Society  Proceedings  95-17 


288 


the  leakage  contribution  is  due  to  the  reverse/forward  saturation  currents  through 
the  gate-source  Schottky.  Restricting  the  deposition  of  the  Schottky  gate  to  within 
several  microns  of  the  mesa  along  with  the  use  of  thicker,  lower-doped  access  layers 
should  greatly  reduce  this  leakage  current  and  reduce  the  gate  capacitance  to  0.5 
to  1  pF/mm.  A  second  device,  which  consists  of  two  Ifim  x  l{j,m  RTDs  connected 
through  a  thin  0.3/xm  region,  has  been  characterized  to  illustrate  the  application 
of  the  sidewall  gating  technique  for  RTTs  with  larger  channel  widths.  Near  zero 
gate  bias,  this  device  shows  a  peak  gm  of  95//5'  (42mS/mm)  at  Vos  —  0.87V  and  a 
peak  current  which  is  larger  than  that  of  the  first  device  by  a  factor  equal  to  the 
area  ratio,  as  expected  for  large  area  two  terminal  RTDs. 


CONCLUSIONS 


The  self-aligned  technique  can  be  used  to  fabricate  devices  with  submicron  widths 
and  relatively  complex  active  area  structures,  to  realize  novel  three  terminal  verti¬ 
cal  mesoscopic  devices  and  fabricate  RTT  structures  with  high  perimeter  to  active 
area  ratios.  It  is  expected  that  increasing  the  peak  current  by  reducing  the  barrier 
thicknesses  (45  A  in  the  present  devices)  coupled  with  biasing  of  the  RTT  in  the 
negative  differential  resistance  regime  would  result  in  higher  effective  and  thus 
higher  cut-off  frequencies. 
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Figure  1:  MBE  grown  structure  showing  gradation  in  doping  ot  the  access 
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Figure  2-  Illustration  of  the  mesa  structure  and  the  deposition  of  the  Schottky 
gate  using  the  top-contact  as  the  shadow  evaporation  mask. 


Electrochemical  Society  Proceedings  95-17 


292 


Drain  Current  (|iA) 


Drain  to  Source  Voltage  (V) 


Figure  3:  Drain  current  and  gate  leakage  current  versus  drain  to  source  voltage 
at  various  gate  biases  for  device  with  a  square  active  area  of 
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ABSTRACT 

A  model  to  simulate  electron  transport  through  the  base  repon  of 
graded  Heterojunction  Bipolar  Transistors  (HBTs)  is  developed  which 
takes  into  account  the  temperature  rise  in  the  device  as  a  resu^lt  ot 
selhheating  effects.  The  temperature  rise  in  the  structure  is  shown 
to  increase  the  ramp  energy  at  the  emitter-base  junction  for  a  fixed 
emitter-base  bias.  This  leads  to  an  incident  electron  enerp  flux  m 
the  base  shifted  towards  higher  energy  with  respect  to  the  bottom  of 
the  conduction  band  in  the  base.  Using  this  incident  energy  flux  in 
a  regional  Ensemble  Monte  Carlo  simulator,  the  average  base  transit 
time  is  calculated  as  a  function  of  the  emitter-base  bias  Vbe  and  tem¬ 
perature  using  the  impulse  response  technique.  For  a  typical  graded 
AlGaAs/GaAs  HBT  operated  at  large  Vbe,  the  average  base  transit 
time  is  found  to  decrease  as  the  temperature  through  the  base  region 
rises.  This  trend  is  equivalent  to  an  increase  with  temperature  of  the 
effective  diffusion  coefficient  of  electrons  in  the  base.  This  temperature 
dependence  is  opposite  to  the  one  commonly  assumed  in  the  literature, 
which  is  based  on  Einstein’s  relation  and  a  temperature  dependence  of 
the  electron  mobility  as  measured  in  bulk  samples  with  an  impurity 
concentration  equal  to  the  base  doping. 
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INTRODUCTION 


During  the  last  ten  years,  AlGaAsjGaAs  HBTs  have  received  increased  in¬ 
terest  for  possible  use  in  microwave  and  millimeter  wave  monolithic  integrated 
circuits  [1,  2,  3].  The  ability  of  these  transitors  to  carry  high  current  densities 
(10'*  -  lOM/cm^  )  at  high  frequencies  also  makes  them  attractive  for  microwave 
power  amplifiers.  However,  at  large  current  densities,  due  to  the  limited  thermal 
conductivity  of  the  GaAs  substrate,  self-heating  effects  in  HBTs  with  multiple 
emitter  fingers  become  increasingly  important.  There  are  a  variety  of  experimen¬ 
tal  [4,  5,  6]  and  theoretical  studies  [7,  8,  9,  10]  showing  that  self-heating  effects  in 
the  device  can  lead  to  a  substantial  temperature  rise  in  the  device  accompanied 
by  a  degradation  of  the  device  performance. 

These  self-heating  effects  seriously  reduce  the  current  and  power  gain  of  the 
device  and  impose  a  substantial  limit  on  the  current  and  voltage  range  of  device 
operation.  The  phenomenon  of  current  gain  collapse  in  HBTs  with  multiple  emitter 
fingers  operated  at  high  power  density  has  been  reported  experimentally  by  several 
groups  [4,  5,  6]  and  analyzed  theoretically  by  others  [7,  8,  9,  10].  The  current 
gain  collapse  is  characterized  by  a  sudden  drop  of  the  collector  current  in  the 
common-emitter  current-voltage  characteristics  of  the  device  at  large  value  of  Vce- 
The  physical  origin  of  this  phenomenon  was  identified  to  be  thermally  induced 
nonuniform  current  conduction  among  the  various  emitter  fingers  of  the  device. 
To  alleviate  this  problem,  Bayraktaroglyu  et  al.  [11]  have  recently  demonstrated 
that  a  thermal  metal  bridge  can  be  fabricated  on  top  of  the  device  to  shunt  heat 
away  thereby  allowing  a  more  uniform  temperature  for  the  various  emitter  fingers 
during  higher  power  operation.  In  the  absence  of  these  metal  bridges,  self-heating 
effects  can  lead  to  the  formation  of  local  hot  spots  which  can  cause  current  collapse 
through  one  of  the  central  fingers  [6]. 

Thermal  effects  in  single  emitter  HBTs  have  been  modeled  in  the  past  us¬ 
ing  one- dimensional  analytical  treatments  [6,  10]  or  multi-dimensional  numerical 
schemes  [9]  based  on  coupled  electrical  and  thermal  models  of  the  device.  Under  the 
assumption  that  the  heat  generated  in  the  device  is  conducted  primarily  through 
the  semi-insulating  substrate,  these  theoretical  treatments  have  shown  that  the 
temperature  rise  inside  HBTs  can  be  considered  as  nearly  uniform  within  the  de¬ 
vice  and  can  be  quite  substantial  for  devices  carrying  collector  current  densities  in 
excess  of  a  few  times  10^i4/cm^. 

These  ,  models  fail  to  discuss  self- heating  effects  from  a  microscopic  point  of 
view  which  will  be  addressed  in  this  paper.  More  specifically,  we  will  focus  on  the 
model  of  carrier  transport  through  the  emitter  and  base  regions  of  a  typical  graded 
AlGaAs  I  GaAs  HBT  in  the  presence  of  self-heating  effects.  Rather  than  trying  to 
simulate  the  temperature  rise  in  the  device  using  one  of  the  analytical  or  numerical 
models  already  existing  in  the  literature  [7,  8,  9,  10],  we  assume  that  the  temper- 
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ature  of  the  device  is  known  and  is  constant  throughout  the  structure.  As  stated 
above,  actual  calculations  have  shown  that  this  is  indeed  a  good  approximation  for 
the  emitter  and  base  regions  of  typical  graded  HBTs  (The  temperature  decreases 
while  moving  through  the  collector  and  subcollector  regions  upon  approaching  the 
substrate  usually  modeled  as  a  heat  sink  at  room  temperature)  In  this  paper,  we 
use  a  hybrid  model  of  carrier  transport  to  compute  the  effective  diffusion  coefficient 
of  electrons  through  the  base  as  a  function  of  temperature  and  emitter-base  bias. 
The  range  of  emitter-base  bias  considered  here  typically  corresponds  to  collector 
current  densities  in  excess  to  10M/cm^  the  minimum  required  for  self-heating 
effects  to  play  a  major  role  on  the  device  performance  as  shown  by  others  7,  8  9j. 

In  this  work,  we  show  the  inadequacy  of  some  previously  used  models  [1\  to 
describe  the  diffusion  of  minority  carriers  through  the  base  of  HBTs  in  the  presence 
of  self-heating  effects. 


THE  MODEL 

Our  approach  to  characterize  electron  transport  through  the  emitter-base 
junction  proceeds  as  follows.  First,  the  program  FISHID  [12]  is  used  to  predic 
the  shape  of  the  conduction  band  energy  profile  throughout  the  entire  structure 
for  a  given  forward  emitter-base  bias  and  reverse  biased  base-collector  junction. 
This  simulation  is  performed  assuming  a  uniform  temperature  across  the  struc¬ 
ture,  while  including  the  temperature  dependence  of  all  the  material  parameters 

throughout  the  device.  ,  ,  . 

Next  we  use  the  flux  method  of  Das  and  Lundstrom  [13,  14]  to  calculate  ex¬ 
actly  the  energy  spectrum  of  the  injected  electron  flux  into  the  base  usmg  a  ngorous 
quantum-mechanical  treatment  of  tunneling  through  the  spike  at  the  emitter-base 
junction  and  thermionic  emission  above  the  spike.  More  specifically,  we  calculate 
the  energy  dependence  of  the  function  f{E)  defined  as  follows 

(1) 


f(E)dE 

JEc 


where  is  the  net  current  flow  from  emitter  to  base,  Ec  is  the  energy  at  the 
bottom  of  the  conduction  band  in  the  base  (taken  as  the  zero  of  energy  hereafter) 
and  E  is  the  longitudinal  energy  of  the  electron  (i.e.  in  the  direction  of  curren 

^°'^The  resulting  flux  f(E)  is  then  used  as  an  initial  electron  energy  distribu¬ 
tion  to  simulate  electron  transport  through  the  base  using  a  regional  Ensemble 
Monte-Carlo  simulator.  Our  Ensemble  Monte-Carlo  simulator  includes  three  im¬ 
portant  features  in  the  electron  transport  across  the  base.  First,  an  exact  quantum- 
mechanical  treatment  of  electron  tunneling  through  and  thermionic  emission  above 
the  spike  at  the  emitter-base  junction  is  used  to  calculate  the  energy  distribution 
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of  the  electron  flux  injected  into  the  base.  Next,  this  electron  flux  is  used  as  an 
initial  energy  distribution  in  a  regional  Ensemble  Monte-Carlo  simulation  of  elec¬ 
tron  transport  through  the  base  which  includes  the  possibility  for  carriers  to  tunnel 
back  into  the  emitter.  Finally,  a  realistic  electric  field  profile  inside  the  base  region 
is  used,  including  the  decelerating  electric  field  due  to  the  conduction  band  notch 
on  the  base  side  of  the  emitter-base  junction,  the  accelerating  field  (towards  the 
base)  for  electrons  in  the  graded  portion  of  the  emitter,  and  the  accelerating  field 
close  to  the  collector  side  of  the  base  due  to  the  reverse  base-collector  bias.  In  this 
work,  electrons  moving  from  the  base  towards  the  emitter  are  allowed  to  reenter 
the  emitter  only  if  their  energy  is  above  the  conduction  band  spike.  Details  of  the 
Ensemble  Monte  Carlo  code  have  been  reported  elsewhere  [15,  16]. 

To  compute  the  effective  diffusion  coefficient  Dejj  of  electrons  through  the 
base,  we  use  the  results  of  Dodd  and  Lundstrom  [17]  and  Ritter  et  al.  [18]  who 
have  shown  that  for  the  base  width  considered  in  this  paper,  base  transport  appears 
diffusive  and  that  the  average  base  transit  time  can  be  approximated  as  follows 

tb  =  WBV2D,fj  (2) 


where  Wb  is  the  base  width. 

The  average  base  transit  time  is  then  computed  using  the  impulse  response 
technique  [16,  17].  This  technique  consists  in  monitoring  the  current  that  exits 
the  base  region  after  injecting  a  delta  function  (in  time)  of  electrons  at  t=0  at  the 
emitter  edge  of  the  base.  The  current  response  h(t)  is  then  computed  by  recording 
the  number  of  electrons  that  exit  the  base  region  during  a  sampling  time,  AT 
(typically  equal  to  a  few  tens  of  femtoseconds).  The  average  base  transit  time  is 
then  calculated  from  the  first  moment  of  the  current  response,  i.e, 

TB=  h{t)tdt/  /  k{t)dt.  (3) 

Jo  Jo 

RESULTS 

The  structure  analyzed  here  consists  of  a  graded  Alo.oGao.jAs / GaAs  HBT  with  the 
epitaxial  layer  structure  summarized  in  Table  I.  The  simulation  procedure  outlined 
in  the  previous  section  was  carried  for  various  emitter-base  biases  Vbe  (1-4,  1.43, 
and  1.46  V),  while  keeping  the  collector-emitter  bias  Vce  fo  4.5  V.  Figure  1  shows 
the  conduction  band  energy  profile  across  the  graded  portion  of  the  emitter-base 
junction  and  across  the  base  region  at  a  fixed  value  of  Vbe  while  increasing  the 
temperature  in  the  device.  A  similar  trend  in  the  conduction  band  energy  profile 
versus  temperature  was  also  observed  for  all  the  other  values  of  Vbe  considered 
here. 

Figure  1  shows  the  conduction  band  energy  profile  across  the  emitter-base 
junction  at  a  fixed  value  of  Vbe  while  increasing  the  temperature  in  the  device. 
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The  conduction  band  diagram  was  determined  using  the  program  FISHID  [12]. 
Figure  2  indicates  that  a  temperature  rise  in  the  device  leads  to  an  increase  o 
the  conduction  band  discontinuity  at  the  emitter-base  junction.  The  minimum  of 
the  conduction  band  rises  by  approximately  50  meV  as  the  °  , 

device  increases  from  300K  to  350  K.  This  results  from  a  decrease  in  the  bu  it- 
in  potential  across  the  emitter  base-junction  with  rising  temperature  when  the 

junction  is  operated  at  a  fixed  Vbe-  i  .  .  .r  l  •  „ 

FiRure  2  indicates  that  the  electron  energy  flux  injected  into  the  base  region 
will  be  shifted  towards  higher  energy  with  respect  to  the  minimum  of  the  conduc¬ 
tion  band  in  the  base,  This  is  illustrated  in  Fig.  2  where  we  plot  the  electron  energy 
flux  defined  in  Eq.(l)  as  a  function  of  temperature  for  the  case  where  Vbe  -  ■ 

“3  fllustrat"  s  the  electric  field  profile  across  the  graded  Portion  of  the  em,  er 
and  the  base  region  for  temperature  ranging  from  300  to  350  K.  This  figure  clearly 
shows  that  electrons  entering  the  graded  portion  of  the  eimtter  from  “re  b“e  are 
quickly  slowed  down  and  pushed  back  towards  the  base.  Furthermore,  the  inten- 
^ity  of  the  electric  field  in  the  graded  region  is  larger  as  the  junction  temperature 

"'^Ensemble  Monte-Carlo  simulations  combined  with  the  impulse  response  tech¬ 
nique  were  then  carried  to  determine  the  average  bi^e  transit  time  and  effective 
diLsion  coefficient  through  the  base  as  a  function  of  Vbe  and  temperature.  Th 
results  are  depicted  in  Fig.4.  Also  shown  tor  comparison  is  the  temjrerature  depen¬ 
dence  of  the  diffusion  coefficient  for  electrons  through  the  base 
by  Liou  et  al.  [7]  in  their  modeling  of  self-heating  effects  m  paded  HBTs.  L  ou 
et  al.  assumed  that  the  diffusion  coefficient  for  minority  carriers  ^ 
using  Einstein’s  relation  while  using  the  temperature  dependence  of  the 
moMlty  as  reported  in  the  literature  for  bulk  samples  with  impurity  concentration 
equal  to  the  base  doping  concentration.  More  explicitely,  Liou  and  ^ 

the  following  expression  for  the  effective  diffusion  coefficient  of  electrons  through 

the  base  region  [7,  19] 

=  ^(7200/(1  +  5,5A:iO-”lVnr”)(^)“ 

where  q  is  the  magnitude  of  the  charge  of  the  electron,  k  is  Boltzmann’s  constant, 
T  the  temperature,  and  Na  is  the  doping  concentration  m  the  bi^e  region. 

Figure  4  clearly  indicates  the  shortcomings  of  an  equation  such  as  Eq-(4).  Ih 
equation  fails  to  predict  the  bias  dependence  of  the  effectWe  djff""'™ 
cmriers  through  the  base  region.  This  bias  dependence  should  be 
the  electron  flux  injected  across  the  emitter-base  junction  is  obvmusly  » 
of  Vbe-  Furthermore,  Eq.  (4)  predicts  a  decrease  of  the  diffusion  coeffic  ent  of 
carriers  as  the  temperature  through  the  device  increases,  whereas  our  simulations 
indicate  that  the  effective  diffusion  coefficient  through  the  base  region  is  increasing 
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slightly  with  temperature  for  all  VbE’  This  can  be  understood  as  follows.  As 
illustrated  in  Figures  1  and  2,  the  effect  of  temperature  rise  on  the  emitter-base 
conduction  band  energy  profile  is  to  increase  the  probability  for  electrons  through 
the  base  to  be  injected  at  higher  energy,  enhancing  the  probability  for  ballistic 
transport  of  electrons  through  the  base  region.  However,  a  trade-off  resulting  from 
the  temperature  rise  in  the  base  is  that  the  various  scattering  rates  in  the  base 
region  are  also  enhanced.  Our  simulations  show  that  for  large  emitter-base  biases, 
the  benefit  of  electron  injection  in  the  base  at  a  higher  energy  prevails  over  the 
detrimental  effect  of  the  higher  scattering  rates  in  the  base  as  the  temperature 
through  the  device  rises. 


CONCLUSIONS 

In  this  paper,  we  have  shown  that  the  effective  diffusion  coefficient  through  the 
base  of  graded  AlGaAs/GaAs  HBTs  is  quite  different  from  the  one  predicted  us¬ 
ing  Einstein’s  relation  and  a  temperature  dependence  of  the  electron  mobility  as 
measured  in  bulk  samples  with  an  impurity  concentration  equal  to  the  base  doping 
[7].  For  a  typical  graded  AlGaAs/GaAs  HBT  operated  at  large  Vbe,  the  effective 
diffusion  coefficient  is  found  to  increase  slightly  as  the  temperature  through  the 
base  region  rises. 
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Table  I:  Layer  parameters  of  the  graded  Alo.sGao^yAs  HBT  structure  analyzed  in 
the  text. 


Layer 

Material 

Thickness  (A) 

Doping  (cm 

Emitter 

n  —  Alo.sGdojAs 

5X10^^ 

Grading  Layer 

n  —  AlxGai^j;As{x  =  0.3  to  0.0) 

5X10^^ 

Base 

p  —  GaAs 

1X10^^ 

Collector 

n  —  GaAs 

5X10^® 

Sub-collector 

—  GaAs 

5X10'® 

Figure  1:  Temperature  dependence  of  conduction  band  energy  profile  across  the 
graded  portion  of  the  emitter  and  across  the  base  region  of  the  AlGaAsjGaAs 
HBT  described  in  Table  L  The  voltage  across  the  emitter-base  {Vbe)  and  emitter- 
collector  {Vce)  regions  are  set  equal  to  1.46  V  and  4.5  V,  respectively. 
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Figure  2-  Temperature  dependence  of  electron  flux  injected  from  emitter  into  the 
base  region  of  the  graded  HBT  described  in  Table  I.  Energy  is  measured  with 
respect  to  the  minimum  of  the  conduction  band  in  the  base  region.  e  emi 
base  voltage  is  equal  to  1.46  V. 


Figure  3:  Temperature  dependence  of  electric  field  profile  through  the  S^^^d 
portion  of  the  emitter  and  through  the  base  region  of  the  HBT  described  m  Table 
I.  The  emitter-base  voltage  Vbe  is  equal  to  1.46  V.  Vce  is  equal  to  4.5  V. 
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Figure  4;  Temperature  dependence  of  effective  diffusion  coefficient  of  electrons 
through  the  base  region  of  the  graded  HBT  described  in  Table  I,  for  various  values 
of  the  emitter-base  bias.  Also  shown  for  comparison  (filled  circles)  is  the  effective 
diffusion  coefficient  used  in  the  analytical  model  of  self-heating  effects  in  [7]. 
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THEORETICAL  STUDY  OF  GATE 
CURRENT  DEPENDENCE  ON  GATE  VOLTAGE  IN  HIGFET 

S.V.Maheshwarla  and  R.  Venkatasubramanian 
Department  of  Electrical  and  Computer  Engineering 
University  of  Nevada,  Las  Vegas,  Las  Vegas,  NV  89154 


ABSTRACT 

The  gate  current  (4)  dependence  on  gate  voltage  (VJ  is  studied,  with 
tunneling  through  a  hetero-barrier  theoretically  assumed  as  the  dom¬ 
inant  mechanism  in  a  GaoAi  l«o.53^-s  /  AlcAiino.^zAs  /  WSi  het¬ 
erostructure  insulated  gate  field  effect  transistor  (HIGFET).  Two  com¬ 
ponents  of  tunneling  currents,  one  from  the  decay  of  the  quasi-bound 
resonant  states  in  the  accumulation  well  and  the  other  from  the  tun¬ 
neling  electrons  with  kinetic  energy  above  the  bulk  energy  level,  were 
considered.  Moreover,  the  possibility  of  the  electrons  being  hot  is  ad¬ 
dressed.  The  tunneling  current  is  obtained  as  a  function  of  Vg  for  two 
device  structures,  and  are  compared  with  the  experimental  results.  The 
calculated  currents  are  within  a  factor  of  2  of  the  experimental  results 
for  most  voltage  range  of  study  with  electron  temperature  is  equal  to 
450‘’A.  The  reason  for  the  larger  discrepancies  between  the  experi¬ 
mental  values  and  the  theoretical  values  reported  in  earlier  literatures 
is  attributed  mainly  the  exclusion  of  the  hot  electron  mechanism  and 
neglecting  of  the  contribution  to  current  from  the  decay  of  the  resonant 
states  in  the  accumulation  well. 
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1  Introduction 


Lattice  matched  hetero-structures  involving  Alin  As  and  Gain  As  have  found  use 
in  integrated  circuit  (IC)  applications  through  heterostructure  insulated  gate  field 
effect  transistors  (HIGFETs)  due  to  their  excellent  properties  [1-4].  Since  the  layers 
are  usually  undoped  in  HIGFETs,  the  threshold  voltages  are  just  dependent  on  the 
Schottky  barrier  height, (#s)  and  the  conduction  band  discontinuity,  {AEc)  between 
the  AlInAs  and  GalnAs  which  results  in  uniform  threshold  voltage  values;  a 
highly  desirable  device  property  in  IC  applications. 

The  gate  current,  Ig,  in  GaAs  MISFETs  has  been  shown  to  control  the  nega¬ 
tive  differential  resistance  in  the  drain  current,  {Id)-i  when  the  gate  is  moderately 
forward  biased  [8].  Thus,  the  gate  current  has  become  one  of  the  important  pa¬ 
rameters  characterizing  the  quality  of  heterostructure  field  effect  transistors.  The 
negative  differential  resistance  observed  in  GaAs/AlGaAs  hetero-  field  effect  tran¬ 
sistor  has  been  demonstrated  to  be  due  to  the  dramatic  change  of  the  channel 
electric  field  with  an  increase  of  the  field  at  the  source  end  and  to  the  saturation 
of  the  density  of  the  2D  electron  gas  in  the  channel  [9,10]  and  possibility  of  hot 
electrons  at  the  drain  end  [11]. 

The  Ig  versus  Vg  characteristics  of  heterostructure  devices  has  been  modeled 
primarily  based  on  thermionic  emission  [7]  and  quantum  tunneling  mechanisms 
[12-15].  These  models  have  been  shown  to  be  good  for  certain  heterostructure 
devices.  The  tunneling  current  model  employed  in  the  past  has  used  the  WKB 
approximation  in  the  derivation  of  transmission  coefficient  as  a  function  of  incident 
energy  of  the  electron  [12-15].  As  the  WKB  approximation  has  limitations  [16], 
this  manuscript  avoids  it  and  derives  the  transmission  coefficient  as  a  function  of 
energy  analytically  using  Airy  functions. 

This  article  is  organized  as  follows.  The  procedure  used  to  obtain  the  accu¬ 
mulation  band  bending  at  the  interface  between  semiconductor  and  insulator  as  a 
function  of  Vg  is  discussed  in  section  2.1.  The  procedure  for  obtaining  transmission 
coefficient  and  resonant  levels  of  electrons  in  the  accumulation  well  as  a  function 
of  the  incident  energy  of  the  electron  are  presented  in  sections  2.2  and  2.3,  respec¬ 
tively.  A  procedure  to  compute  tunneling  current  components  due  to  the  carriers 
in  the  accumulation  well  and  above  the  bulk  energy  is  discussed  in  section  2.4.  The 
results  for  the  two  experimentally  studied  structures  are  obtained  and  discussed 
in  section  3.  Conclusions  are  presented  in  section  4. 
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2  Theoretical  Calculation  of  Ig  versus  Vg 


2.1  Surface  Band  Bending 

Consider  the  heterostructure  shown  in  Fig.  1.  Let  the  conduction  band  discon¬ 
tinuity  and  the  Schottky  barrier  height  be  AEc  and  respectively.  Let  us 

assume  that  the  semiconductor  is  doped  n-type.  Under  forward  bias  conditions, 
an  electron  accumulation  layer  forms  in  the  semiconductor  at  the  semiconductor- 
insulator  interface  as  shown  in  Fig.  1.  The  surface  band  bending,  q^s  at  the 
semiconductor-insulator  interface  is  related  to  the  gate  voltage,  Vg  as  [17]: 

qVg  =  q'^s  +  qWSs-  -  AE,  q^s  ^E^-Ef  (1) 

€j 

where  W  is  the  width  of  the  insulator,  £s  is  the  semiconductor  electric  held  at 
the  semiconductor-insulator  interface,  and  tg  and  Ci  are  the  permittivities  of  the 
semiconductor  and  the  insulator,  respectively. 

The  electric  field  Sg  in  semiconductor  is  given  by  Poisson’s  equation  as: 

d£s  ^  (2) 

dx  Cs 

where  p(x)  is  the  charge  density  which  is  given  by  [17]: 

p(x)  =  j  (3) 


with 


^C,3D  = 


/2FmkTY 

[  ) 


(4) 


k  is  the  Boltzmann  constant,  T  is  the  temperature  in  and  El  is  the  Fermi- 
Dirac  integral  of  order  It  is  noted  that  Equation  3  assumes  that  the  carriers 
are  3-dimensional  and  that  in  reality,  2-dimensional  carrier  behavior  should  be 
considered  for  electrons  within  the  accumulation  well.  The  electric  fields  at  the 


interface  satisfy: 


SgC-s  —  £i^i 


(5) 


Solving  Eqs.(l-5)  self-consistently  yields  the  band  bending  and  the  electric  field  in 
the  semiconductor  accumulation  layer. 


2.2  Derivation  of  Transmission  Coefficient 

The  WKB  approximation  used  in  theoretical  analysis  of  gate  current  reported 
in  the  earlier  literature  [12-13]  is  based  upon  the  assumption  that  the  potential 
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varies  very  slowly  over  lengths  compared  to  the  wavelength  of  the  electron.  This 
assumption  is  not  valid  for  very  high  gate  biases,  when  the  potential  drop  on  the 
insulator  can  be  very  sharp,  and  the  accumulation  well  is  sharp  and  narrow. 

Thus,  we  avoid  using  the  WKB  approximation  due  to  its  limitations  and  obtain 
the  transmission  coefficient  as  a  function  of  from  first  principles  as  follows.  In 
the  case  of  device  structures  considered  in  the  present  study,  the  potential  profile 
of  the  accumulation  layer  was  computed  using  Eqs.  (1-5).  The  accumulation  layer 
is  approximated  by  a  triangle  as  shown  in  Fig.  1  for  the  derivation  of  transmission 
coefficient.  It  is  noted  that  the  electrons  were  injected  from  the  bulk  Ec  of  the 
semiconductor. 

The  following  is  the  derivation  of  the  transmission  coefficient  for  the  device 
structure  whose  E^  profile  is  shown  in  Fig.  1.  The  solutions  to  Schrodinger’s 
equation  can  be  written  in  terms  of  the  Airy  functions,  Ai[f{x)]  and  Bi[f{x)]  as: 


'Fi(a:)  =  + . x  <  0, 

(6) 

^2(3:)  =  BAi  [piiVu  -  SiX  -  £)]  +  CBi  \pi{Vii  -  sio;  -  £)] . 0  <  a;  <  di, 

(7) 

^3(0:)  =  BAi  \p2{V2^  -  S2X  -  E)]  BBi  [p2(I^2i  -  S2X  -  E)] . <  x  <  d2, 

(8) 

'1^4(3:)  =  Fe’^^^ . x>d2, 

(9) 


where  ki  and  k2  are  the  propagation  vectors  in  the  bulk  semiconductor  and  the 
metal  and  are  given  by:  _ 


respectively,  where  is  the  rest  mass  of  the  electron.  The  quantity  pi  in  Eq.  (7) 
is  given  by: 

/-.  =  fe)'  (12) 


where  Si  is  the  slope  of  the  triangulated  accumulation  layer.  p2  in  Eq.  (8)  is  given 
by; 

/2miV 


and  52  is  the  electric  field  in  the  insulator,  Eg.  mi  is  the  effective  mass  of  the 
electron  in  the  insulator.  Using  the  typical  boundary  conditions,  (i.e.,  continuity 
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of  the  wave  functions  and  their  derivatives  divided  by  the  spatially  dependent  ef¬ 
fective  mass  of  electron  across  the  boundary),  we  obtain  at  the  boundary  between 
the  bulk  semiconductor  and  the  accumulated  semiconductor,  x  =  0, 

1  +  A  =  BAi[p^{Vn  -  E)]  +  CBi[p,{Vn  -  E)]  (14) 

-  A)  =  -^  (BA*'  [pi(Fn  -  E)]  +  CBi'  [pi(yn  -  E)])  ,  (15) 

rris 

where  is  the  effective  mass  of  the  electron  in  the  semiconductor.  At  the  bound¬ 
ary  between  semiconductor  and  the  insulator,  x  =  di, 


BA*  [pi(ki2  -  E)]  -h  CBi  [pi{Vi2  -  E)]  =  DA*  [p2(V2i  -  i^)]  +  EBi  (^2(1^21  -  -£^)]  (16) 


ZEl£l(^BAi'[pi{Vi2-E)]  +  CBi'{pi{Vi2-E)])=:  -  ^  (D Ai' [p2{V2i  -  E)] 

ms  * 

-h  EBi' [p2{V2i  -  E)]) 

(17) 


where  m,  is  the  effective  mass  of  the  electron  in  the  barrier  region.  Similarly,  at 
the  boundary  between  the  insulator  and  the  right  contact,  (i.e.),  a:  =  ^2,  we  have: 

_  T>Ai[p2{V22- E)]  +  EBi[p2{V22- E)]  (18) 

ih  (DA*'  b2(^^22  -  E)]  +  EBi'p2{V22  -  E))  (19) 

77*0 

where  rrio  is  the  rest  mass  of  the  electron.  Solving  Eqs.  (14-19)  simultaneously,  we 
obtain: 

_  2A2A3  1  *20) 

^  -  e^k,d2  Aj 

where 

A2  =  AT  (A*  [pi(Ei2  -  E)]  Bi'  [/)i(Ei2  -  i^)l  -  Ai'  [^2(^12  -  E)]  Bi  [pi(Ei2  -  E)])  (21) 


with 


P2^2f^s 


(22) 


As  and  Ai  in  Eq.  (20)  are  given  by: 

As  =  (Ai  [,i2(V'22  -  £)]  Bi'  h(Vss  -  £)]  -  Ai'  [ps) Vss  -  E)]  Bt  [p^(V22  -  E)]) 

(23) 
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and 


A,  =  P  (Ai^p,(V^,-  E)]-^^Ai'lp,(Vii~  E)]j 

-  Q(^Bilp,{Vn-E)]-^i^Bi'lp,{Vu-E)]j  (24) 

respectively.  The  terms  P,  and  Q  in  Eq.  (24)  are  given  by: 

P  =  ~PnPi2  +  PisPiA  (25) 

and 

Q  =  -PnQi2  +  PisQu  (26) 

with  pn,  pi2,  Pi3,  Pi45  qi2  and  qu  given  by: 

p„  =  Bi'  \P2{V22  -  £)!  +  ^i^Bi  [P2(V22  -  £)]  (27) 

P2'52”^o 

Pi2  =  Ai  [^2(^21  —  E)]  i5i'[p2(Ti2  —  E)\X  —  Bi  [^2(^12  —  E)]  Ai'[p2{V2\  —  E)]  (28) 

P13  =  Ax'  (^2(^22  -  £))  +  Ai  [P2(  V22  -  £)]  (29) 

P2S2’mo 

P14  =  Bi  [p2{V2a  ~  E)]  Bi'  [p2(Ti2  -E)]X  -  Bi  [^2(^12  -  E)]  Bi'[p2{V2i  -  E)]  (30) 
912  =  Ai  [P2( V21  -  E)]  Ai'  [p2iVi2  -E)]X  -  Ai  [P2{V,2  -  E)]  Ai'[p2iV2i  -  E)]  (31) 

and 

914  =  Bi  [p2{V2i  -  E)]  Ai'  [p2(Ti2  -E)]X  -  Ai  [p2(  V12  -  E)]  Bi'[p2{V2i  -  P)]  (32) 

respectively.  The  transmission  coefficient,  T(Px)  is  related  to  the  amplitude  trans¬ 
mission  coefficient,  F{Ex)i  as: 

T(£.)  =  ^|F(£,)p  (33) 

/Cl  THq 

2.3  Derivation  of  Resonant  Levels  in  the  Accumulation  Po¬ 
tential  and  their  Lifetimes 

Approach  similar  to  that  employed  in  section  2.2  is  used  with  a  modified  wave 
function  for  region  x  <  0  given  by: 

^i.2D(a:)  =  Ae""  +  Pe-""  (34) 

To  evaluate  the  relative  strengths  of  the  resonant  states  for  various  energies  the 
following  strength  function,  S{E),  was  evaluated: 

S{E)  =  r''  K2D{^)^h2Dix)dx  (35) 

Jx=0 
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The  location  and  relative  strength  of  the  resonant  states  are  obtained  by  analyzing 
S{E).  The  escape  time,  Te,i{Vg)  is  obtained  as  [20]; 


(36) 


where  AEi  is  the  full  width  at  half  maximum(FWHM)  of  the  resonant  state  ‘i’  in 
the  accumulation  well. 


2.4  Tunneling  current 

Tunneling  current  is  assumed  as  the  dominant  conduction  current  mechanism  for 
the  device  under  forward  bias.  Two  tunneling  current  components,  one  resulting 
from  the  carriers  with  kinetic  energy  higher  than  the  bulk-energy,  7^,6  and  the 
other  resulting  from  the  carriers  with  kinetic  energy  lower  than  the  bulk-energy 
occupying  the  resonant  states,  Ig^r-  The  total  current,  Ig  is  given  by: 

Ig  =  Ig^b  +  Ig,r 

The  bulk  current  Jg,b  can  be  related  to  the  transmission  coefficient,  T{Ex),  and  the 
gate  voltage,  by  [Ij: 


=  r’"’"  gN,(E^)T{E,)dE, 

J  Elnw 


(38) 


with 


Nt(E,)  = 


! A7rmsqkT\  ^  ) 


(39) 


where  E^  is  the  kinetic  energy  of  the  electron  in  the  direction  perpendicular  to 
the  semiconductor-insulator  interface,  h  is  the  Planck’s  constant  and  is  the 
effective  mass  of  electron  in  the  semiconductor. 


The  current  density,  Jg,r{Vg)  is  given  by  [21]; 

4^(V.)  =  E9WV.)/re,(y,)  (40) 

j=l 


where  N2D,i{'^g)  is  given  by; 

(41) 

where  Ej  are  the  ‘i’  resonant  levels  of  the  wave  function  in  the  accumulation  well. 
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3  Results  and  Discussion 

3.1  HIGFET 

In  this  work  we  considered  two  cases  of  /no.53G'ao.47^-s//no.53^^o.47^'S/I^ Si  HIGFETs 
which  have  been  experimentally  studied  and  reported  in  the  literature  [1,13].  The 
parameters  describing  the  device  structures  are  obtained  from  [1,13,19]  for  two 
cases  and  are  listed  in  Table  I. 

Eqs.(l-5)  were  solved  numerically  to  compute  Ec{x)  and  £s  as  a  function  of 
Vg.  The  Ss  versus  x  and  Ec  versus  x  are  shown  in  Figs.  2  and  3,  respectively,  for 
Vg  is  0.5V  and  l.SV  Due  to  the  failure  of  non- degenerate  statistics  in  this  case,  a 
Fermi  integral  table  was  created  for  the  energy  range  of  -20.0  eV  to  20.0  eV  and 
employed  in  the  numerical  solution.  Then  Ec{x)  in  the  accumulation  layer  was 
triangulated  with  the  Eg  at  the  interface  deciding  the  slope  of  the  triangle  for  each 
case  of  solution  to  Schrodinger’s  equation.  The  energy  depth  of  the  accumulation 
well  is  the  range  of  (0.2  eV  to  0.3  eV)  and  the  width  is  in  the  range  of  (75  Ato 
200  A).  The  bulk  current  4,6  was  obtained  by  integrating  between  InGaAs  bulk 
Ec  level  to  Ec  +  7ev  using  Eqs.  (38,39).  The  S{E)  was  obtained  using  Eq.  (35) 
for  various  V^’s  and  analyzed  for  resonant  states  Ei  and  their  .  The  function  S{E) 
versus  E  is  shown  in  Fig.  4  for  various  14 ’s.  It  is  noted  that  the  resonant  energy 
levels  move  up  in  energy  with  Vg.  The  FWHM’s  obtained  for  various  are  in 
the  range  lO""*  to  10“®  eV.  Eqs.  (36,40,41)  were  employed  to  compute  the  4,^  as 
a  function  of  using  the  FWHM’s  and  Ei.  Since  the  electrons  are  accelerated 
through  higher  electric  field  (10^  V/m)  within  few  hundred  As  in  the  accumulation 
layer  before  tunneling,  the  electron  may  not  have  enough  time  to  achieve  thermal 
equilibrium  with  the  lattice.  Therefore,  it  is  possible  that  the  electrons  tunneling 
through  may  be  somewhat  hot.  Thus,  we  have  hypothesized  that  the  electrons 
tunneling  are  somewhat  hot  and  employed  the  temperature  of  the  electron,  4,  as 
a  model  parameter  for  the  current  computation.  Fig.  5  shows  Ig  versus  for 
various  T^s.  The  experimental  data  shows  excellent  fit  to  the  theoretical  data  with 
Te  =  iWK  for  most  voltage  range.  The  agreement  between  the  results  of  the 
present  theory  and  the  experiments  (case  1)  is  within  a  factor  of  2  for  most  Vj,’s 
for  d  300  A  [13].  For  the  case  of  d  =  400  A  [1],  the  agreement  between  the 
experimental  data  (case  2)  of  4  A  and  our  results  (with  a  4  =  400  K)  of  3.7  A  is 
excellent. 

The  transmission  coefficient  derived  in  this  work  is  general  and  avoids  the 
WKB  approximation.  It  can  be  applied  to  device  structures  for  which  the  con¬ 
duction  or  valence  band  discontinuity  can  be  linearized,  that  is  the  band  bending 
at  the  interfaces  can  be  approximated  by  a  linear  variation.  There  are  many  het¬ 
erostructure  devices  such  as  heterostructure  bipolar  transistor  (HBT)  and  high 
electron  mobility  transistor  (HEMT)  for  which  the  approach  discussed  in  section 
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2.1  and  2.2  or  a  modified  version  of  it  can  be  applied.  The  approach  adopted  for 
the  computation  of  tunneling  current  contribution  from  the  resonant  states  in  the 
accumulation  well  may  be  applicable  for  other  compound  semiconductor  hetero- 
structure  systems  as  well.  It  is  important  to  note  that  carriers  in  the  accumulation 
well  are  treated  as  3-D  and  that  2-D  nature  of  the  electron  is  ignored.  The  3-D 
assumption  results  in  an  overestimation  of  carrier  concentration  very  close  to  the 
interface  by  a  factor  of  4  to  5  and  within  a  factor  of  1  to  2  in  about  80-90  %  of 
the  well.  This  overestimation  results  in  about  60-80  %  deeper  well  and  attendant 
errors  in  rest  of  the  results.  The  error  estimation  results  are  in  agreement  with 
the  work  of  Zimmermann  et  al  [22]  and  Ref.  [21].  Even  though,  the  possibility  of 
hot  electrons  in  the  accumulation  well  is  hypothesized  and  the  hot  electron  tem¬ 
perature  is  employed  as  a  model  parameter,  it  needs  to  be  thoroughly  studied 
theoretically  and  experimentally.  It  is  noted  that  the  escape  of  electrons  from  the 
resonant  states  requires  continuous  replenishing  of  these  states  by  bulk  electrons 
through  collision  processes.  It  is  believed  that  the  number  of  collisions  required  for 
this  process  is  much  smaller  than  that  required  for  achieving  thermal  equilibrium. 
Thus,  it  is  justified  that  in  spite  of  collisions,  the  electron  can  be  some  what  hot. 
It  m4  be  important  for  many  other  heterostructure  systems.  Since  there  is  a  flow 
of  current  through  the  insulator,  the  presence  of  charge  in  the  insulator  should 
be  taken  in  to  account  for  the  solution  of  Poisson’s  equation  and  in  the  current 
computation.  It  is  noted  that  this  particular  issue  is  not  addressed  in  this  article. 

4  Conclusion 

The  Ig  versus  Vg  is  studied  theoretically  assuming  that  tunneling  through  a  hetero- 
barrier  is  the  dominant  mechanism  in  heterostructure  field  effect  transistors.  The 
transmission  coefficient  is  derived  as  a  function  of  the  kinetic  energy  of  the  electrons 
using  Airy  functions  solution  to  Schrodinger’s  equation.  The  agreement  obtained 
between  the  experiment  and  theory  is  excellent,  and  the  currents  are  within  a 
factor  of  2  for  most  voltage  ranges  of  the  two  sets  of  experimental  results  obtained 
from  the  literature.  The  reason  for  the  discrepancy  between  the  experiments  and 
the  theory  reported  in  [13]  is  mainly  due  to  the  exclusion  of  the  current  from  the 
tunneling  of  electrons  from  the  resonant  state  and  the  possibility  of  hot  electrons. 
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TABLE  I  Parameters  of  the  InGaAsj InAlAs  heterostructure  system  obtained 
from  [13,19]  and  used  for  various  calculations. 


Parameter  name 

Parameter  symbol 

Value 

Conduction  band  discontinuity 

AEc 

0.52  eV 

Schottky  barrier  height 

q^s 

0.57  eV 

Thickness  of  the  insulator  (case  1) 

d 

300  A 

Thickness  of  the  insulator  (case  2) 

d 

400  A 

Energy  gap 

E, 

0.75  eV 

Effective  mass  of  electron  in  InGaAs 

rus 

0.041  mo^ 

Effective  mass  of  electron  in  InAlAs 

mi 

0.084  mo^ 

Donor  concentration  in  InGaAs  (case  1) 

Nd 

4.3  X  lO^Vcm^ 

Donor  concentration  in  InGaAs  (case  2) 

Nd 

1.0  X  lO^Vcm^ 

^  ruo  is  the  rest  mass  of  the  electron. 
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Figure  1.  A  schematic  picture  of  the  Ec  profile  of  semiconductor-insulator-metal 
HIGFET  with  band  bending  at  the  accumulated  interface.  Note  the  triangulated 
accumulation  well. 


Distance  (A°) 

Figure  2.  The  Ss  profile  of  accumulation  well  in  InGaAs.  The  .t  =  0  corresponds 
to  the  semiconductor-insulator  interface. 
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Distance  (A") 

Figure  3.  The  Ec  profile  of  accumulation  well  in  the  InGaAs.  The  a;  =  0  corre¬ 
sponds  to  the  semiconductor-insulator  interface. 


Figure  4.  The  relative  strength  of  the  resonant  states,  in  the  accumulation  well, 
5(£),  showing  the  presence  and  movement  of  resonant  states  with  Vg. 
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Figure  5.  Plots  of  4  versus  Vg  for  AIq  ai  I  no. s?i  As/  WSi  HIGFET 

at  room  temperature  with  d  =  300 A  for  various  Tg’s  along  with  experimental  data 
from  [13]. 
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Physics  of  High-Temperature  Superconductors 
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Murray  Hill,  NJ  07974 


Abstract 


A  short  summary  of  some  of  the  author’s  views  on  this  subject  is  given. 
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There  are  many  puzzling  aspects  of  this  subject  which  have  been  discussed  pre¬ 
viously  in  this  interesting  symposium.  It  seems  that  many  of  these  aspects  have 
been  discussed  in  my  book  and  various  papers  on  this  subject,  but  these  discussions 
are  unknown  to  many-body  theorists  who  are  generally  not  interested  in  materials 
science.  This  is  unfortunate,  because  there  can  be  little  doubt  that  the  remarkable 
superconductive  properties  of  multilayered  cuprates  arise  directly  from  unique  ma¬ 
terials  characteristics.  It  was  the  realization  of  the  uniqueness  of  these  materials 
that  led  Bednorz  and  Muller  to  study  them  in  the  first  place,  and  now,  more  than 
40,000  papers  later,  little  doubt  about  this  point  should  remain,  even  in  the  minds  of 
many-body  theorists. 

'.Dow  and  Blackstead,  in  their  contributions  to  this  symposium,  have  emphasized 
that  strong  superconductive  interactions  do  not  originate  in  the  metallic  Cu02  planes, 
ubiquitous  though  these  may  be,  but  rather  at  or  near  secondary  metallic  planes 
containing  oxygen  vacancies  or  interstitials,  such  as  the  CuOi_x  planes  in  YBCO, 
the  BiO  planes  in  BSCGO,  and  HgO^  planes  in  HBCCO.  Their  viewpoint  is  in  close 
agreement  with  mine,  as  expressed  in  several  recent  papers  [1-3].  Some  people  wonder, 
however,  why  the  CuOa  planes  are  necessary  if  this  is  the  case. 

The  general  answer  to  this  question  was  given  by  Wells  long  ago  [4],  as  pointed 
out  in  my  book  [5].  Wells  stated  that  the  structural  chemistry  of  cupric  compounds  is 
exceptionally  complex;  “in  one  oxidation  state  this  element  shows  a  greater  diversity 
in  its  stereochemical  behavior  than  any  other  element” .  This  is  a  very  economical  and 
powerful  statement,  but  its  implications  are  generally  lost  on  many-body  theorists 
who  confine  their  chemistry  to  the  distinction  between  bosons  and  fermions.  The 
reader  may  therefore  forgive  me  for  explaining  what  Wells’  statement  means  in  the 
present  context.  The  complexity  of  cupric  coordination  environments  (compared,  for 
example,  to  Ni)  means  that  it  is  possible  in  the  cuprates  to  have  a  very  high  density  of 
resonant  pinning  states  which  pin  Ep  and  produce  a  very  high  density  of  states  at  Ep 
(represented  by  Nr(Ep))  in  addition  to  the  band  density  of  state  Nb(E)  expected  in 
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an  effective  medium  model  which  is  associated  primarily  with  the  Cu02  planes.  It  is 
Nr(EF),  not  Nb(EF),  which  explains  the  high  values  of  Tc  observed  in  these  materials. 
Such  defects  are  the  Oj  atoms  in  HBCCO,  or  the  0,  vacancies  in  YBCOt-*-  The 
pinning  occurs  because  of  the  anti-Jahn-Teller  effect  [6]. 

While  we  are  on  this  subject,  we  take  the  opportunity  to  emphasize  that  there  is 
strong  evidence  for  large  Nr(EF)  in  angle-resolved  photoemission  experiments  [7-9]. 
Curiously  enough,  the  defect  character  of  these  bands  (which  are  flat  and  lie  at  Ef 
within  the  resolution  limits  of  the  experiment  [10])  is  not  mentioned  in  the  discussions 
of  these  data.  Similar  data  have  been  used  to  interpret  the  anisotropy  of  the  small 
tail  in  N(E)  as  reflecting  d-wave  anisotropy  of  the  superconductive  energy  gap  A(k) 
[llj.  This  is  one  possible  interpretation  of  the  data,  but  it  can  scarcely  be  taken 
seriously,  as  such  d-wave  symmetry  always  produces  very  small  values  of  Tc,  not  very 
large  values! 

What,  then,  is  the  correct  interpretation  of  these  data?  The  first  point  to  notice 
is  the  energy  scale  involved:  the  values  of  A  are  <10  ^  eV,  whereas  the  width  F  of 
the  peak  to  which  the  foot  is  attached  is  ~  0.1  eV.  Generally  speaking  it  is  difficult 
to  compare  features  of  two  peaks  (here  measured  for  T  Tc  and  for  T  close  to 
zero)  on  a  scale  <  F/b,  no  matter  how  carefully  measured,  but  here  we  are  talking 
about  variations  on  a  scale  of  F/lOl  Nevertheless,  we  may  choose  to  be  optimistic 
and  to  suppose  that,  all  experience  to  the  contrary,  the  resolution  and  reproducibility 
do  somehow  exist  to  make  such  comparisons  meaningful.  Does  this  mean  that  the 
variations  we  somehow  recognize,  in  spite  of  final-state  interactions  [10],  must  be 
associated  with  A(k)?  Not  at  all.  The  variations  could,  and  probably  would,  be 
associated  with  effects  on  Nr(E)  associated  with  the  kinds  of  defect  relaxation  ordering 
which  are  observed  by  ion  channeling,  but  not  by  neutron  diffraction  [12].  (This  means 
that  such  relaxations  modify  Nr(E)  not  only  at  E  =  Ep,  but  also  at  other  energies 
as  well.)  Between  the  high  value  of  T  >  Tc  and  the  low  T  ~  0  considerable  defect 
relaxation  occurs  [12],  and  this  must  surely  strongly  affect  resonant  pinning  states 
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near  Ef-  It  would  then  be  ezisy  (but  very  naive)  for  an  optimistic  observer  to  assign 
this  behavior  to  an  anisotropy  of  A(k),  whereas  most  of  the  observed  anisotropy  need 
not  involve  A(k)  at  all,  at  leeist  directly.  There  is,  by  the  way,  strong  evidence  [9]  that 
a  small  amount  of  Co  impurity  in  YBCO  has  a  huge  effect  on  ARPE  measurements 
of  this  peak,  not  on  an  energy  scale  of  10“^  eV,  but  on  an  energy  scale  of  0.1  eV! 
Such  a  large  effect  can  occur  in  several  ways  (for  example,  by  surface  segregation), 
but  whatever  its  explanation,  it  certainly  cannot  be  explained  by  an  effective  medium 
model. 

Another  example  of  an  experiment  whose  significance  has  been  exaggerated  by 
misinterpretation  is  the  study  of  temperature  dependence  of  microwave  penetration 
depths.  These  can  easily  be  explain  by  two-phase  models  of  partly  superconductive 
and  partly  normal  metals  [13]. 
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ABSTRACT 

The  influence  of  the  Hubbard  exchange-correlation  term  G(k)  on  the 
normal  and  superconducting  state  properties  of  a  layered  2D  electron  gas  has 
been  investigated.  It  is  shown  that  the  local  field  correction  can  induce  a 
metal-insulator  phase  transition  when  the  condition  pp*  1/c,  where  c  is  the 
interlayer  separation,  is  satisfied.  At  carrier  densities  lower  than  that  for  the 
metal-insulator  phase  transition,  the  plasmon-mediated  superconductivity  is 
suppressed,  whereas  at  higher  carrier  densities  superconductivity  can  exist 
with  Tc  having  a  bell-shape  dependence  on  the  carrier  density. 
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Since  the  discovery  of  the  high-Tc  superconductivity  various 
microscopic  models  have  been  proposed  for  the  explanation  of  the  unusual 
normal  and  superconducting  state  properties  of  the  cuprates.  The  small 
isotope  effect^  and  unusual  doping  density^  dependence  of  the  phase  diagram 
raise  doubts  that  only  phonons  are  responsible  for  such  high  Tc's.  The 
existence  of  the  metal-insulator  phase  transition  at  low  doping  density 
indicates  that  cuprates  are  closely  related  to  the  Mott-Hubbard  systems.  The 
absence  of  calculations  resulting  in  the  prediction  of  high-Tc  superconducting 
transition  with  such  an  unusual  phase  diagram^,  requires  a  search  for  an 
alternative  mechanism  for  the  explanation  of  the  anomalous  behavior  of  the 
layered  cuprates.  Among  potential  nonphonon  mechanisms  of  high-Tc 
superconductivity  the  plasmon  exchange  modeH'^  is  a  good  candidate  to 
explain  the  dramatic  increase  of  the  superconducting  transition  temperature 
with  an  unusual  phase  diagram.  There  are  a  number  of  reasons  which  seem 
to  favor  the  plasmon-mediated  high-Tc  superconductivity.  In  a  layered  2D 
cuprate  the  plasmon  spectrum  is  gapless^  due  to  2D  nature  of  the  electron 
spectrum,  and  the  interlayer  Coulomb  coupling  splits  the  plasmon  spectrum 
into  a  pseudo-optical  'band'  with  appropriate  acoustic  and  optic  limits^.  In 
recent  related  papers^'^O,  we  have  shown  that  in  the  framework  of  the 
standard  Fermi-liquid  approach  in  the  RPA,  the  electron-plasmon  interaction 
in  a  layered  2D  electron  gas  leads  to  results  which  are  similar  to  the 
phenomenology  of  'marginal'  Fermi-liquid  model  in  both  normal  and 
superconducting  states^  bi2.  However,  in  those  papers  we  did  not  investigate 
the  influence  of  the  exchange  and  correlation  on  the  normal  state  and 
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plasmon-mediated  superconducting  state  properties  of  a  layered  2D  Fermi 
liquid. 

In  this  paper  we  show  that  the  local  field  correction  or  the  exchange- 
correlation  effects  in  the  Hubbard  approximation  can  induce  a  metal- 
insulator  phase  transition  at  a  certain  carrier  density  and  suppress  plasmon- 
mediated  superconductivity  near  this  phase  transition.  However,  for  higher 
carrier  densities,  our  calculation  shows  that  Tc  has  a  bell-shape  behavior,  thus 
verifying  experimental  observations^. 

It  can  be  shown  that  the  local  field  factor  is  related  to  the  Landau 
Fermi-liquid  interaction  function  fp’p.  and  in  the  charge  channel  it  takes  the 


forrn^^ 


G(k)  = 


Z(0)  /  P 
2V(k)  \  P’P’ 


(1) 


where  <...>  means  average  over  the  angle  between  p  and  p’,  Z(0)  - 
Z(p,co)  1 0^=0, 1 p I  =pF  =  1  -  ai:(p,0))/3o)  I  co=0, 1 p UpF  is  the  well-known  Fermi-liquid 
renormalization  parameter,  and  V(k)  is  the  bare  Coulomb  interaction. 

In  a  layered  two-dimensional  (2D)  metal,  with  cylindrical  topology  of 
the  Fermi  surface,  the  contribution  of  the  bare  Coulomb  interaction  to  the 
exchange  part  of  the  self-energy  can  be  written  as^^^lS 

(P)  =  2^^  I  ^  V(p-k)  Im  G(k,0))  npCco),  (2) 

where  npCco)  =  [  exp  (co/T)  +  1  l'^  is  the  Fermi  distribution  function,  and  G  is 
the  normal  electron  Green's  function 
G(p,co)  =  [  coZ(p,CD)  - 
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with  ^p=  Ep  -  Ef  as  the  energy  measured  relative  to  the  Fermi  energy,  and 

£p=p2/2m*  being  the  2D  single-particle  energy.  In  Eq.  (2)  V(k)  is  the  bare 

Coulomb  interaction  in  a  layered  crystal  which  has  the  well-known  form® 

V(k)  =  Vo(kii)  .  ° -j- ..  Vo(k,)  f(k)  (4) 

cosh  c  k||  -  cos  ckz 

Here  kn  and  kz  are  the  momentum  components  in  the  plane  and  normal  to 
the  plane  of  the  layers,  respectively;  c  is  the  separation  between  successive 
layers,  and  Vo(k||)  =  27ie2/k||K  is  the  Coulomb  interaction  in  a  pure  2D  case  with 
K  as  the  dielectric  constant  of  the  background  lattice. 

Calculation  of  Eq.  (2)  with  the  use  of  Eqs.  (3)  and  (4)  yields,  in  a 
form  similar  to  that  of  a  strict  2D  case^^, 

2:r(p)iT=0=  -  P  [E(Pf/p)  -  ( 1  -pf/p2)K(pF/p)] ,  P  ^  PF  (5) 

where  E(x)  and  K(x)  are  the  complete  elliptic  integrals  of  the  second  and  first 

kind,  respectively.  Use  of  Eq.  (5)  in  the  following  definitions^  of  \  p,p/  gives 

/  JT  \  /  8£<,(P)  \  J  -‘'e^/KZ(0)Pp.  *:=Pf 


\  W/  -  Kc  \  8n^.(p’)  /  -  2  5n,  " 


'  “  '  -  2TOVKZ(0)k,  k » Pp 

where  k=  kn,  pF  =  flizih  is  the  2D  Fermi  momentum  and  coefficient  2  appears 
due  to  the  fact  that  n<j  =  ns/2.  Substituting  this  expression  into  Eq.  (1)  we  have 


2V(k)  \  P’P  /  [  l/2f(k),  k»pp 

This  expression  for  the  local  field  factor  neglects  the  correlation  of  electrons 
with  opposite  spins.  Taking  into  account  the  fact  that  correlation  of  electrons 
with  antiparallel  spin  increases  the  local  field  factor,  and  combining  the  above 
two  limiting  cases  together  (  k  <  pF  and  k»  pf),  we  arrive  at  the  following 
Hubbard-like  expression  for  the  local  field  factor  in  a  layered  system^S 
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G(k)  = 


2f(k)  Vk2  +  pJ 

We  will  now  consider  the  effect  of  the  exchange  correlation  term  on 
the  superconductivity  of  layered  systems.  Concentrating  in  the  region  of 
momenta  close  to  the  Fermi  surface  (  Ip-  ppl  /pF  «  we  can  express  the 
Eliashberg  equations  for  a  layered  system  in  the  form^O 

Z(co)  A(co)  =  [  dCD'Re|-p=^i^i=|  J  8(^,0)')  Q+(a)',Q),  (7) 

Jo  (V  0)’^-  A^(co')  )  Jo 


da  8(^,0)')  Q+(a)',Q), 


0)  [  1-  Z(co)]  =  dco’Re 


co'^-  A  (o)')  /  Jo 


da  8(Q,q)’)  Q-(co',Q), 


where 


Qi(co',Q)  =  ( tanh  ^  +  coth  ~)[(co'+co+  Q+i5)  ±  (Q)'-a)+  Q-i5)  ]  ± 

(coth  -  tanh  )[  (co'-co-  Q-i5)'^  ±  (co'+o)-  ii+i5) 

2T  2T 


with  the  kernel  of  interaction  in  the  form 

r2pp 

8(0,0))  =  -  — [  F(k,co)  +  F(k, 
Jy((0)/vf 

where  k=k|  i,  and 


[  F(k,co)  +  F(k,-0))]  8(k,0)kdk, 


S(k,o))  =  ^  dk^vHk)  [  1  -  G(k)]  Im  x(k,0)), 

L/C 

is  the  average  of  the  kernel  of  interaction  over  kz-  In  Eq.  (10)  and  (11) 

/  121-1/2 

F(k,  ±  0))  =  v?k2  -  ±  Y(0)) 

\  2m  / 


X(k,co)=x(k,o))/[l  -  V(k)  x(k,co)]. 


Xo(k,o)) 


X(k,a))  =xo(k,o))r(k,0))  -  ^  ^  v(k)G(k)%o(k,o))' 
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where  Xo(k,co)  is  the  usual  free-electron  response  function  in  a  pure  2D  case 


Xo(lc,(0)  =  -I^(  l-[l-vJkVo)2]-''2), 


Y(o))  =  Z(to)  Re  V  0)^  -  A  (CO) . 

The  sign  ±  in  F(k,±co)  corresponds  to  inelastic  electron  scattering  with 
absorption  (emission)  of  an  excitation  quantum. 

Let  us  first  consider  the  contribution  of  plasmon  excitations.  Following 
the  method  of  Ref.  10  it  can  be  shown  that  the  average  kernel  of  interaction  in 
region  of  plasmon  excitation  is 


Spl(k,0))  —  ; 


J-nfe 


y2(k)(l-G(k)]ImXpi(k,co)= 


_  Vo(k)tl-Vo(k)Go(k)x(k,co)] 

y  [Vo(k)x(k,co)  coth  ^  - 1][  1  -  Vo(k)x(k,CD)tanh  ^  ] 

Vo(k)co^ 

V  (0)^  -  0)^)  (0)^  -  CO?) 

where  Go(k)  =  0.5k/Vk2+  pj  is  the  local  field  factor  in  a  pure  2D  case^^^  and 

X(k,co)  =  Xo(k,co)/[l  +  Vo(k)  Go(k)xo(k,co)]  is  the  irreducible  response  function  in 

a  pure  2D  case  ( see  Eq.  (12)).  In  Eq.  (14) 

co^  =  0)5(k)  [coth  ^  -  Go(k)]+  ^  vjk^  + - °  - - « 

2  4  16(coth^-Go(k)+a*Bk/4)  ^  ^5) 

a)J(k)  coth  ^  a)  vfk^ 

is  the  pure  optical  plasmon  frequency,  and 

CO?  =  co?(k)  [tanh  ^  -  Go(k)]+  ^  v?k^  + - Vpa  sk - „ 

2  4  16(tanh  -  Go(k) +a*Bk/4 ) 


co5(k)  tanh  ^  +  ^  ( 1-  J  a)  v^k^ 
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is  the  proper  acoustic  plasmon  frequency.  Here  co^(k)=  ypppi^  k  is  the 
plasmon  frequency  for  a  pure  2D  system,  a*B  =  K/e^m*  is  the  effective  Bohr 
radius,  and  a  =  e2/vFK  is  the  interelectron  interaction  constant. 

It  follows  from  Eq.  (16)  that  the  acoustic  plasmon  frequency  for  small  pp 
(~  1  /c)  overlaps  with  the  region  of  the  single-particle  excitations,  and  thus,  in 
this  region  the  acoustic  mode  does  not  exist.  It  will  be  shown  below  that  when 
pF  ~  1/c,  the  homogeneous  state  of  electron  liquid  in  the  layers  becomes 
unstable  and  the  layered  2D  electron  liquid  undergoes  the  metal-insulator 
phase  transition  due  to  the  charge  density  wave  instability. 

Substituting  Eq.  (14)  into  Eq.  (10)  and  carrying  out  the  integration,  we 
find  that  for  a  layered  system  (  cpp  ^1)/  the  kernel  for  the  electron-plasmon 
interaction  is  _ _ 

Spi(n,co’)  = - cxQ - k[V  1  -  (Y-  0/2  +  3/4)Y2(co')/^l^,  (17) 

Vy -0/2 +3/4  Y(a)’)  <Q< min{cOpi,  Vy -a/2 +3/4  ep), 
where  K(x)  is  the  complete  elliptic  integral  of  the  first  kind,  y  =  c/2a’^B  is  the 
interlayer  plasmon  coupling  constant,  C0pi=  ( 47te2ns/Km*c)^/2  =  ciyVy  is  the 
bulk  plasmon  frequency  for  a  layered  2D  system,  and  o)’Z(a)')  <  Cp. 

Using  the  single-particle  contribution  of  Eqs.  (12)  and  (13)  into  Eq.  (11) 


we  find  for  the  layered  system 

Ss-p(k,o)) 


.2  (l+2c/a*B)  0) 


(18) 


VIk  (l+c/a*B)^/2  03pi' 

The  contribution  from  the  single-particle  excitations  and  bare  Coulomb 
interaction  to  the  equation  for  the  gap  has  the  formic 

ZdAd  =  -  [  dco'Rel  — ^|n(to')  tanh^, 

I  IVm'^-AV)) 


(19) 


where 
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^l(CO)  =  - 


,it/c  ^2pF 


-Tt/C  JY(iD)/vF 


kdk  [  F(k,a))  +  F(k,-a))]  Vscr(k), 


is  the  screened  Coulomb  repulsion  parameter  with 
l.V(k)[l-G(k)]Xo(k|l,0)' 

as  the  screened  Coulomb  potential  in  a  layered  2D  metal.  Averaging  over  kz 
in  Eq.  (20)  with  the  use  of  Eq.  (21),  gives  the  screened  Coulomb  repulsion 
parameter  near  co  ~  0  as  p.(0)  =  aps/Jt  where 


Jo 


^  )  +  2ax(l  -  ^  )coth  Cx  + 

1 1+  4x2  V 1+  4x2 


with  ^  =  2pFC.  In  the  strong  coupling  a  »  1(  low  density)  limit  when  ^  =  2pFC 
“>  2  we  get 

Ps - L  In  - — L  In  ^  (23) 

Vl  -2(a-l)/aC  VpF(c  +  a*B)-l 

which  shows  that  ps  increases  infinitely  for  pf(c  +  a^e)  -->  1.  It  will  be  shown 
below  that  the  system  undergoes  a  metal-insulator  phase  transition  when  the 
condition  pF  (c  +  a^g)  =  1  is  satisfied. 

Now  we  evaluate  the  electron-plasmon  interaction  constant  using  the 
method  of  our  previous  paper^^ 


M“)  =  4|  ^Spi(Q,0)), 

A  Q 


Substituting  Eq.  (17)  into  Eq.  (24)  and  performing  the  integration,  we  can  find 

the  electron-plasmon  interaction  constant  as,  Xpi((o)  =  —  In  (Do/c^Z(co)),  where 
r  cOp/Vv-  0/2 +  3/4  .  ^  >  1, 
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and  p  =  minltH,  with  S,  =  -?£-Vy-<x/2 +3/4.  Thus  in  a  layered  2D  system  in  the 

COpi 

vicinity  of  the  instability,  i.e.,  when  pp  (c  +  a*B)  have  X,pi  ~  p  = 

P=iE_VY-a/2+3/4  =  -^V7(l+a*B/c-  IT^f)  — >  0/  which  means  that  the 

COpi  COpi 

electron-plasmon  interaction  constant  drops  rapidly  to  zero  in  this  region. 

Next  let  us  consider  the  renormalization  parameter  Z(o))  which 
includes  contributions  of  both  plasmon  and  single-particle  excitations. 
Following  Ref.  10  we  write  the  renormalization  parameter  as 
Z(co)  =  1  +  ^piCco.T)  +  ^  ( 1  -  lis). 

where  Ps  is  defined  by  Eq.  (22)  and 

f  P  In^nyco) ,  CO  »  T, 

yw,T)  = 

lfpin(n/r),  m«T,^  (27) 

is  the  temperature  dependent  electron-plasmon  interaction  constant.  It 
follows  from  Eq.  (26)  that  when  fig  is  finite  and  less  than  the  plasmon 
contribution,  the  quasiparticles  are  well  defined  with  Z(co)>l.  In  the  vicinity  of 
the  instability,  however,  Ps  increases  infinitely,  the  renormalization 
parameter  Z(co)  decreases  rapidly  and  thus  the  quasiparticle  does  not  exist.  The 
instability  (  infinite  increase  of  ps)  thus  corresponds  to  the  metal-insulator 
phase  transition  which  in  this  case  manifests  itself  as  a  drop  in  the 
quasiparticle  density  of  states  at  the  Fermi  surface.  Thus,  the  exchange- 
correlation  correction  in  a  layered  2D  system  gives  rise  to  the  metal-insulator 
phase  transition  when  the  condition  pp  (c  +  a*B)  =  1  is  satisfied.  In  addition,  we 
note  that  the  metal-insulator  phase  transition  is  due  to  the  charge  density 
wave  instability  which  takes  place  when  %-Hk,0)  =0  as  can  be  seen  from  Eq. 
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(12).  The  dependence  of  the  renormalization  parameter  on  the  doping  density 
(pF^)  is  schematically  represented  in  Fig.  1. 

Let  us  now  consider  the  effects  of  exchange-correlation  on  the  plasmon 
mediated  superconductivity  in  a  layered  2D  metal.  Following  Ref.  10,  we  can 
express  the  superconducting  transition  temperature  as 

Tc- 1.13  coo  exp(-l/Xeff),  (28) 

where 

(29) 

ap  V  \ap/  ap 

with 

a  =  ln(  47fe/7c),  b  =  (  -•  dx  (30) 

cosh  ^x 

and  p*  =  )i(0)/[l+|i(0)ln(cOoo/coo)]  is  the  reduced  Coulomb  repulsion  parameter. 
Here  (0«  is  the  cutoff  frequency  of  the  Coulomb  repulsion,  which  is  of  order  of 
ep,  and  cog  «  Do  is  the  cutoff  frequency  of  the  electron-plasmon  interaction. 

We  now  study  Eq.  (28)  in  two  different  limits:  ppc  »  1  and  ppc  >1. 
First,  let  us  consider  the  case  when  ppc  »  1  where  we  have  coq  ~  Do»  cOc/Y  ~ 
vf/c  «  Ef  and  a«l,  and  we  get 

Tc~^exp(-^;ff), 

where  Xeff  ~  (jifi*/ap)  +  V  (7rp.*/ap)^  +  (27t/aP)  »  1  (since  a  is  small  and  p  is 
finite).  Thus,  in  this  case  Tc  will  diminish  with  the  increase  of  pp  c.  In  the  case 
l<pF  c  ««>,  we  have  coq  ~  ep ,  and  p  =  1  and  Tc  has  the  form 
Tc  ~  Ef  exp(  -  lAeff) 

where  is  finite.  This  case  which  represents  strong  intra-  and  inter-plane 
couplings  (a»l  and  ppol)  gives  the  maximum  possible  Tc  which  scales  with 
the  Fermi  energy  ef-  However,  in  the  vicinity  of  the  metal  insulator  phase 
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transition  (pFC=l)/  where  p,s  increases  (see  Eq.  (23))  and  X,pi  ~  (3  ^  «  1  (see  Eq. 

(25)),  Thus,  in  this  region,  Eq.  (28)  leads  to  a  sharp  drop  of  which 

means  that  the  exchange-correlation  correction  strongly  suppresses  plasmon 
mediated  superconductivity  near  the  metal-insulator  phase  transition. 


Fig.  1.  Schematic  representation  of  the  dependence  of  the 
renormalization  parameter  Z(co,T)  and  the  superconducting 
transition  temperature  Tc  on  the  carrier  density  n®. 

Our  calculation  indicates  that  in  a  layered  2D  system,  in  the  presence  of 
Hubbard-type  local  field  correction,  the  plasmon  mediated  superconductivity 
can  explain  the  bell-shape  dependence  of  Tc  on  the  carrier  density^  as 
scematically  shown  in  Fig.  1,  and  that  the  metal-insulator  phase  transition 
takes  place  when  the  Fermi  momentum  is  approximately  equal  to  the  inverse 
interlayer  spacing.  For  example,  our  estimation  of  the  doping  parameter  x  at 
the  metal-insulator  phase  transition  (pF  c  =  1)  for  the  LaSrCuO  compounds 
with  c  =*  6.6A,  and  a=  3.8A  (where  a  is  the  in-plane  lattice  constant  for  Cu) 
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gives  x=  a^ns  =  a^/Zjtc^  0.053,  which  is  in  good  agreement  with  the 
experimental  value  for  the  doping  parameter  for  the  insulator- 
superconductor  transition. 

In  conclusion,  in  this  paper  we  have  shown  that  the  Hubbard-type 
exchange-correlation  correction  can  induce  metal-insulator  phase  transition 
in  a  layered  2D  electron  gas  and  thus  also  has  some  relevance  for  the  phase 
separation  in  the  cuprates.  It  also  leads  to  the  bell-shape  dependence  of  Tc  of 
the  plasmon  mediated  superconductivity  on  the  doping  density. 
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Abstract 

Since  (i)  100%  substitution  of  Y  by  magnetic  ions  such  as  Nd  and  Gd 
does  not  disrupt  superconductivity  in  YBa2Cu30jj  with  x«7,  but  (ii)  modest 
substitution  of  Ba  by  magnetic  Nd  or  Gd  does,  one  is  forced  to  conclude  that 
the  origin  of  superconductivity  is  remote  from  the  Cu02  (cuprate)  planes. 

I.  Introduction 

YBa2Cu30x  with  xw7  and  its  homologues  are  the  most  thoroughly  stud¬ 
ied  of  the  high-temperature  oxide  superconductors.  A  striking  fact  for  these 
materials  is  that  100%  substitution  of  Y+3  by  most  magnetic  rare-earth 
ions,  such  as  Nd+^  or  Gd^^,  has  essentially  no  effect  on  the  superconduc¬ 
tivity  [1],  despite  the  fact  that  magnetic  ions  are  expected  to  break  nearby 
Cooper  pairs  and  hence  should  disrupt  the  superconductivity:  the  exchange 
interaction  should  cause  the  spin  of  one  partner  in  a  nearby  Cooper  pair  to 
flip  [2].  Recently  it  has  been  shown  that  Ba-site  magnetic  rare-earth  ions, 
such  as  Nd'^"^  and  Gd+^,  do  break  pairs  and  degrade  superconductivity  [3-7], 
but  that  non-magnetic  La"*"^  ions  on  Ba-sites  do  not  [6,8].  There  appear 
to  be  three  conceivable  explanations  of  the  absence  of  pair-breaking  by  Y- 
site  magnetic  rare-earth  ions,  two  of  which  are  inconsistent  with  the  Ba-site 
pair-breaking  observations  and  other  recent  data:  (i)  the  Y-site  is  magneti¬ 
cally  isolated  from  the  superconductivity,  which  purportedly  originates  in  the 
cuprate  (CUO2)  planes  adjacent  to  the  Y-site  [9],  (ii)  crystal-field  splitting  in¬ 
hibits  the  pair-breaking  [10],  and  (iii)  the  root  of  superconductivity  is  remote 
from  the  Y-site,  in  the  vicinity  of  the  Cu-0  chain  layers  [11].  (The  crystal 
structure  is  presented  in  Fig.  1,  and  has  the  Y-site  sandwiched  between  two 
cuprate-planes  that  are  not  flat,  but  “crinkled”  by  the  strain  associated  with 
lattice  mismatch  between  them  and  their  adjacent  layers.  These  in  turn  are 
sandwiched  between  Ba-0  layers  and  then  Cu-0  chain  layers.) 

II.  Magnetic  pair-breaking 
II.A.  Magnetic  isolation 

The  magnetic  isolation  explanation  states  that  the  magnetic  moments 
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structure  of  YBa2Cu30y 


Fig.  1.  Crystal  structure  of  ideal  YBa2Cu307. 
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on  the  Y-sites  associated  with  Nd  or  Gd  ions,  for  example,  are  effectively 
uncoupled  from  the  Fermi  sea,  because  the  (calculated)  local  electronic  den¬ 
sity  of  charge  at  the  Fermi  energy  is  very  small  [9],  This  magnetic  isolation 
explanation  has  since  been  convincingly  contradicted  by  the  following  facts: 
(i)  nuclear  spins  on  Y-sites  relax  according  to  Korringa’s  law,  considered  to 
be  unimpeachable  evidence  of  coupling  between  a  spin  on  that  site  and  the 
Fermi  sea  [12-14];  (ii)  Nd  or  Gd  ions  on  Ba  sites  do  break  pairs  and  destroy 
superconductivity  [3,7],  as  shown  in  Fig.  2,  where  we  present  the  Nd  doping 
data  in  comparison  with  data  for  La  doping  on  the  Ba-site  as  a  control  [6,8] 

—  since  Nd  doping  of  the  Y-site  in  YBa2Cu30x  does  not  adversely  affect 
the  superconductivity,  and  since  La+^  is  non-magnetic  (J=0),  the  difference 
between  the  two  curves  of  Fig.  2  is  the  Ba-site  magnetic  pair-breaking  effect. 
Because  the  theoretical  local  charge- density  at  the  Ba-site  is  comparable  with 
that  at  the  Y-site  [9],  one  cannot  argue  that  there  is  magnetic  isolation  at 
one  site  but  not  at  the  other. 

The  evidence  that  the  pair-breaking  is  magnetic  is  strong:  (i)  The  effect 
is  experimentally  discontinuous  in  J,  since  modest  concentrations  of  J=0  Ba, 
Sr,  and  La  ions  at  Ba-sites  do  not  destroy  superconductivity,  but  J^O  Nd  and 
Gd  do.  There  is  also  fragmentary  evidence  that  Ba-site  Pr+3  [15-17],  Ce+3 
[18],  and  Sm+^  [19]  may  destroy  superconductivity;  all  have  non-zero  total 
angular  momentum  J.  (ii)  The  charge  of  the  Ba-site  ion  is  not  determinative, 
because  Ba+2^  Srd‘2^  Lad"^  all  maintain  Ri90  K  superconductivity,  (iii) 
The  complete  passivation  and  compensation  of  the  excess  charge  of  the  Ba- 
site  ion  Lad"^  is  required,  to  be  sure:  inferior  materials  which  fail  to  achieve 
such  passivation  yield  degraded  superconductivity,  while  undegraded  super¬ 
conductivity  requires  samples  to  be  fully  oxygenated  [4,6,20-23].  But  the 
Ndi_j_uBa2Cu30x  samples  [3,4]  were  loaded  with  excess  oxygen,  and  exhib¬ 
ited  hole  concentrations  virtually  independent  of  the  Ba-site  doping  concen¬ 
tration  u  [3]  —  and  yet  Nd  still  destroyed  the  superconductivity,  unlike  La. 
Such  oxygen  loading  led  to  observable  occupancy  of  the  0(5)  anti-chain  sites 

—  demonstrating  conversion  of  the  Cu-0  chains  into  cuprate-planes.  Thus 
the  planes  on  either  side  of  the  Ba-sites  were  almost  identical  to  those  neigh¬ 
boring  the  Y-sites  [3,7],  but  Y-site  Nd  did  not  destroy  superconductivity, 
while  Ba-site  Nd  did.  (iv)  The  relative  charge  densities  at  the  Y-  and  Ba- 
sites  are  not  responsible  for  the  observed  pair-breaking  and  the  difference 
between  the  two  curves  of  Fig.  2,  as  demonstrated  by  (LaBa^)+3  doping 
data  [6]  and  double-doping  experiments  with  (Cay)"*"^  and  (Lagg^)"!"^  [21], 
both  of  which  resulted  in  ~90  K  superconductivity,  (v)  Although  Ba-site 
solubility  is  larger  for  the  larger  ionic  sizes,  the  fact  that  Ba'I"^,  Sr^"^,  and 
La+3  on  that  site  all  preserve  W90  K  superconductivity  rules  out  size  as 
the  cause  of  the  Nd  and  Gd  pair-breaking,  (vi)  J^O  Pr  has  been  detected 
on  the  Ba  site  in  PrBa2Cu30x  [15-17],  and  is  known  to  destroy  supercon- 
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0.00  0.05  0.10  0.15  0.20  0.25  0.30  0.35 
Nd  or  La  Content  u  or  v 

Fig.  2.  Superconducting  critical  temperature  (in  K)  versus  Ba- 
site  dopant  concentration  u  (of  magnetic  Nd)  or  v  (of  non-magnetic 
La)  in  Ndi^uBa2_uCu30x  (closed  squares  and  asterisks)  [3]  and  in 
YBa2_vLavCu30x  with  xw7  (open  triangles)  [6,8].  Only  the  data  of  Ref. 
[3]  which  are  represented  here  as  closed  squares  are  supported  by  neutron- 
diffraction  measurements  of  the  content  u  (with  uncertainty  ^±0.01).  The 
uncertainty  is  larger  yet  for  the  asterisked  data.  The  data  for  0<u<0.04  cor¬ 
respond  to  multi-phase  samples  and  accordingly  should  be  given  less  weight. 
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ductivity  (although  a  quantitative  correlation  between  the  site  occupancy 
and  the  destruction  of  superconductivity  has  not  been  demonstrated  yet), 
(vii)  J^O  Nd  (in  Ndi_yCeyBa2Cu30x  [18])  and  Cm  in  CmBa2Cu30x  [24] 
are  known  to  destroy  superconductivity,  and,  by  virtue  of  their  sizes,  are 
expected  to  occupy  Ba  sites  in  concentrations  large  enough  to  break  pairs 
in  the  superconducting  vicinity  of  the  Cu-0  chains,  (viii)  No  electronic  or 
chemical  effect  can  be  invoked  to  explain  the  data,  because  the  rare-earths 
are  all  electronically  and  chemically  virtually  identical  but  magnetically  dif¬ 
ferent  (due  to  the  very-small-radius  4f  electrons),  and  La  on  the  Ba-site 
does  not  destroy  superconductivity,  while  Ba-site  Nd  does  —  indicating  that 
the  magnetic  differences  are  what  are  important,  (ix)  To  rule  out  magnetic 
pair-breaking  by  Ba-site  Nd,  one  would  have  to  prepare  samples  of  supe¬ 
rior  quality  that  eliminate  the  difference  between  the  two  curves  of  Fig.  2  by 
raising  the  Ndj^^Ba2--u^^3^x  transition  temperature  to  w90  K.  Numerous 
experiments  with  various  concentrations  x  of  oxygen  have  failed  to  achieve 
undegraded  ?«90  K  superconductivity  in  Nd2^^^Ba2_uC!^30x  [3,4,6,20-23]. 
To  escape  the  conclusion  that  the  pair-breaking  in  Nd;^_|_^Ba2Cu30x  has  a 
magnetic  origin,  one  would  have  to  experimentally  observe  such  undegraded 
superconductivity. 


II. B.  Crystal-field  splitting 

The  crystal-field  splitting  explanation  [10]  is  invalid  in  this  class  of  ma¬ 
terials.  While  this  mechanism  is  operative  in  some  superconductors,  such 
as  the  Chevrels  [10],  it  is  inoperative  in  the  YBa2Cu307-class,  as  is  clearly 
demonstrated  by  the  fact  that  GdBa2Cu307  superconducts  at  w90  K  [1]. 
Gd"l‘3  has  L=0,  and  so  does  not  experience  crystal-field  splitting,  yet  has 
non-zero  J=7/2,  and  so  would  break  Cooper  pairs  if  the  insensitivity  of  the 
superconductivity  to  rare-earth-site  magnetic  moments  were  due  to  crystal- 
field  splitting.  The  experimental  facts  are  that  Y-site  Gd  does  not  break 
pairs  [1],  but  Ba-site  Gd  does  [7].  This  is  the  same  behavior  exhibited  by 
L^^O  Nd  [3],  and  so  crystal-field  splitting,  which  requires  non-zero  orbital 
angular  momentum  L  of  the  rare-earth  ion,  is  not  relevant  to  this  problem. 

II.C.  Superconductivity  originating  outside  the  cuprate-planes 

The  third  mechanism  is  that  the  superconductivity  is  rooted  in  a  plane 
remote  from  the  Y-site,  presumably  in  the  vicinity  of  the  Cu-0  chain  lay¬ 
ers  (Fig.  1)  [11].  The  pair-breaking  exchange  interaction  is  very  short- 
ranged,  and  is  effective  only  when  the  carrier  whose  spin  is  flipped  occupies 
a  nearest-neighbor  site  to  the  magnetic  impurity.  Hence  Ba-site  magnetic 
impurities  would  flip  spins  in  the  adjacent  Cu-0  chain  layers,  but  Y-site 
impurities  would  be  too  distant  from  those  superconducting  layers  to  break 
pairs.  This  mechanism  would  rule  out  the  cuprate- planes  as  the  primary 
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source  of  superconductivity,  and  it  would  undermine  most  of  the  theories  of 
high- temperature  superconductivity  [25]. 

In  our  opinion,  the  data  definitely  require  us  to  abandon  the  cuprate- 
planes  as  the  root  of  superconductivity,  and,  when  combined  with  the  fact 
that  Bai_aKaPb2_bBib03  superconducts  up  to  32  K  despite  having  no  two- 
dimensional  layers,  no  cuprate-planes,  and  no  Cu  [26],  indicate  that  oxide 
superconductivity  originates  in  the  only  common  ingredient:  under-charged 
or  “neutral”  dopant  oxygen,  not  in  Cu  or  cuprate- planes.  This  oxygen  is  in 
the  Cu-0  chain  layers  of  the  YBa2Cu30y  homologues,  but  is  interstitial  in 
many  other  oxide  superconductors  [27-30]. 

We  see  no  other  plausible  explanation  of  the  fact  that  magnetic  ions  on 
Ba-sites  of  YBa2Cu307  homologues  destroy  superconductivity,  but  the  same 
ions  on  Y-sites  do  not.  The  superconductivity  is  rooted  in  the  vicinity  of  the 
dopant  oxygen,  which  in  these  materials  lies  in  the  Cu-0  chains,  not  in  the 
cuprate-planes  [28]. 

II.D.  Experimental  confirmation  of 
non-cuprate-plane  superconductivity 

This  picture  implies  that  PrBa2Cu307  fails  to  superconduct,  not  be¬ 
cause  of  Pr-site  Pr  (as  is  widely  suspected),  but  because  Ba-site  Pr  destroys 
the  superconductivity  [31].  If  small  regions  of  PrBa2Cu307,  the  size  of  a 
coherence  length,  are  free  of  Ba-site  Pr,  those  regions  should  superconduct. 
We  have  recently  observed  such  patches  of  inhomogeneous  superconductivity 
in  PrBa2Cu307  [17,32-34]. 

lI.E.  Inadequacy  of  hybridization  theories 

The  usual  explanation  of  the  failure  of  PrBa2Cu307  to  superconduct 
is  that  “hybridization”  inhibits  the  superconductivity.  Since  hybridization 
involves  a  mixing  coefficient  that  increases  with  ionic  size  and  decreases 
as  the  magnitude  of  the  energy  difference  between  the  f  electron  and  the 
Fermi  energy  increases,  this  concept  can  be  tested.  Kim  et  ah  [35]  ap¬ 
plied  pressure  to  NdBa2Cu307  to  shorten  the  Nd-0  distance  to  the  value 
found  for  PrBa2Cu307  —  and  expected  to  observe  the  superconducting 
critical  temperature  vanish,  but  it  increased  (contrary  to  a  hybridization 
model  and  consistent  with  a  model  that  associates  the  superconductivity 
with  charge-reservoir  dopant-oxygen).  The  possibility  that  the  increase  in 
Tc  was  associated  with  the  difference  between  the  f  electronic  energy  and 
the  Fermi  energy  can  be  excluded,  because  several  different  magnetic  ions, 
with  different  f  energies,  lead  to  a  breakdown  of  superconductivity.  Pr, 
Cm,  and  Ce  in  PrBa2Cu307,  CmBa2Cu307,  and  Ndi_yCeyBa2Cu307  and 
Yi_yCeyBa2Cu307,  respectively  [18,24,36-38]. 
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III.  The  case  for  non-cuprate-plane  superconductivity 

Many  workers  in  the  field  will  have  difficulty  accepting  the  notion  that, 
in  general,  the  cuprate-planes  are  not  the  primary  loci  of  superconductivity, 
both  because  so  many  high- temperature  superconductors  have  such  planes, 
and  because  the  evidence  for  cuprate-plane  superconductivity  was  accepted 
so  early. 

However,  most  of  the  efforts  to  discover  new  superconductors  with  higher 
critical  temperatures  have  concentrated  on  cuprate-plane  materials,  and  so 
it  is  not  surprising  that  many  of  the  new  superconductors  are  of  this  type. 
There  are  relatively  few  new  classes  of  superconductors,  however,  and  one 
of  these  few  is  a  copper-less  class  discovered  before  the  search  for  cuprates 
began:  Bai_aKg^Pb]^_bBib03  [39],  This  class  has  all  the  earmarks  of  oxide 
high-temperature  superconductors  [26];  (i)  a  T^.  greater  than  23  K  (32  K), 
(ii)  a  Sommerfeld  specific  heat  7  comparable  with  those  of  the  other  ox¬ 
ide  superconductors  [40]  (but  not  with  ordinary  superconductors),  (iii)  the 
property  that  it  can  be  converted  directly  from  an  insulator  to  a  super¬ 
conductor  by  varying  the  composition  indices  a  and  b;  (iv)  the  property 
that  it  does  not  superconduct  unless  the  charge-balance  condition  for  the 
presence  of  hypocharged  oxygen  is  met:  a-fb^O  [41-44];  and  (v)  p-type 
superconductivity.  Therefore,  we  believe  that  it  is  inappropriate  to  classify 
Ba]^_a^K3^Pb  j_l3Bib03  separately  from  the  other  high- temperature  supercon¬ 
ductors,  or  to  extrapolate  the  cuprate-plane-oriented  materials  efforts  of  the 
last  few  years  and  to  infer  that  most  high- temperature  superconductors  must 
have  cuprate-planes. 

With  regard  to  the  theories  based  on  cuprate-planes,  there  are  basically 
two  types  of  theories  that  are  now  popular,  the  t-J  model  [45,46]  (or  variants 
of  it,  such  as  Hubbard  models),  and  the  spin-fluctuation  model  [47].  Each  of 
these  models  has  some  apparent  triumphs:  The  t-J  model  seems  to  account 
for  some  of  the  Coulomb-corrections  to  the  quasi-particle  dispersion  curves 
(as  measured  by  photoemission  [48]),  while  the  spin-fluctuation  model  seems 
to  account  for  the  nuclear  magnetic  resonance  spin-lattice  relaxation  time 
Tj^  of  YBa2Cu30x  [49].  What  remains  inadequately  explained  is  the  super¬ 
conductivity,  which,  in  some  t-J  models  relies  on  non-existent  Cu"l"^  [46], 
and  in  spin-fluctuation  models  must  be  disrupted  less  by  magnetic  Ni  than 
by  non-magnetic  Zn  [49]  —  contrary  to  the  data  [30,44,50-52]. 

In  YBa2Cu30x,  cuprate-plane  models  are  giving  an  increasingly  accu¬ 
rate  picture  of  the  antiferromagnetism  [53],  and  there  seems  to  be  some  cor¬ 
relation  between  the  antiferromagnetism  and  the  superconductivity  —  which 
has  caused  theorists  to  be  optimistic  about  extending  the  cuprate-plane  mod¬ 
els  of  antiferromagnetism  to  predict  and  describe  superconductivity.  How¬ 
ever,  the  assumption  that  the  antiferromagnetism  and  the  superconductivity 
are  closely  related  in  general  is  not  valid,  since  in  La2_^Sr^Cu]^_yLiy04 
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they  appear  to  be  unrelated:  Li  doping  suppresses  the  antiferromagnetic 
spin-fluctuations,  while  having  little  effect  on  the  superconducting  critical 
temperature  [54].  And  so  any  cuprate-plane  model  must  demonstrate  that  it 
can  successfully  describe  high-temperature  superconduciiviiy,  no  matter  how 
successful  it  might  be,  for  example,  at  describing  antiferromagnetism.  To 
our  knowledge,  no  cuprate-plane  theory  has  successfully  done  that. 

In  the  early  days  of  the  field,  before  it  was  realized  that  the  high- 
temperature  superconductors  are  generally  p-type,  Cu  was  identified  as  the 
element  primarily  responsible  for  the  superconductivity,  largely  because  solid 
Cu  is  a  metal  (although  n-type).  As  a  result,  most  theories  concentrated 
on  Cu  and  phenomena  related  to  it,  such  as  charge-  or  spin-fluctuations, 
as  causing  the  superconductivity.  However,  the  identification  of  Cu  as 
the  essential  element  has  serious  faults,  not  only  for  the  copper-less  high- 
temperature  superconductors  Bai_aKaPbi_bBib03,  but  also  for  materials 
such  as  YBa2Cu30j,  where  cuprate-plane  theories  often  expect  the  seven 
oxygen  ions  to  require  a  total  of  about  fourteen  electrons,  and  there  are 
thirteen  available  —  even  if  the  cations  are  fully  ionized  to  Y+3,  Ba+  , 
and  Cu+2  [27,44,50].  The  fourteenth  electron  must  come  from  ionization  of 
Cu+2  to  Cu+3  (which  has  the  smallest  cation  ionization  potential),  but  the 
nuclear  magnetic  resonance  data  show  that  no  Cu”^'^  is  present  in  this  mate¬ 
rial  [13]  —  a  fact  confirmed  by  x-ray  data  [55].  Therefore,  a  proper  model  of 
superconductivity  in  YBa2Cu307  must  choose  between  hypercharged  Cu+  , 
although  the  experiments  indicate  that  none  ex^ts,  or  hypocharged  oxygen 
—  presumably  in  the  Cu-0  chain  layers  as  O"^,  with  Z<2.  The  fact  that 
oxygen  readily  leaks  out  of  these  materials  and  can  rather  easily  be  added 
to  them  {e.g.,  under  pressure)  indicates  that  the  oxygen  is  not  in  the  large- 
radius  0“2  state,  and  is  often  severely  hypocharged,  almost  neutral,  and 
unbonded  —  and  so  it  would  seem  that  the  data  clearly  prefer  hypocharged 
oxygen  to  hypercharged  copper.  Nevertheless,  for  historical  rather  than  sci¬ 
entific  reasons,  most  theories  have  been  based  on  Cu  and  cuprate-planes 
and  have  devoted  considerable  effort  to  explaining  why  Cu+  ,  with  its  mag¬ 
netic  moment,  does  not  destroy  the  superconductivity  thought  to  be  in  the 
cuprate-planes. 

The  experiment  that  first  appeared  to  conclusively  demonstrate  cuprate- 
plane  superconductivity  was  determination  that  the  charge  on  cuprate-plane- 
Cu  in  YBa2Cu30x  increased  suddenly  as  the  oxygen  content  x  increased 
through  x=6.4  [56],  the  condition  for  the  onset  of  superconductivity.  This 
result  has  two  serious  flaws  that  have  only  recently  been  recognized:  (i)  a 
sudden  increase  in  charge  corresponds  to  a  first-order  phase  transition,  while 
superconductivity  is  supposed  to  be  a  second-order  transition,  and  (ii)  in¬ 
dependent  experiments  [57]  did  not  detect  any  discontinuous  change  in  the 
planar-Cu  charge  or  its  derivative.  Indeed,  it  is  now  clear  that  the  correct 
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increase  in  planar-Cu  charge  actually  is  zero  within  the  uncertainty  of  the 
determination.  Thus  the  field  of  high- temperature  superconductivity  is  now 
in  the  awkward  state  of  having  a  remote-control  model  of  superconductivity 
(the  dopant-oxygen  in  the  charge-reservoir  purportedly  controls  the  super¬ 
conductivity  in  the  cuprate-planes  by  controlling  the  hole-transfer  to  those 
planes)  without  there  being  any  experimental  proof  that  the  remote- control 
mechanism  actually  operates  as  proposed  —  an  unacceptable  situation  for  a 
scientific  theory. 

Clearly,  the  p-type  superconductivity  must  be  where  there  are  holes. 
Analyses  of  the  bond-lengths  of  La2_^Sr^Cu04  showed  that  the  holes  are  not 
in  the  cuprate- planes,  but  in  or  between  the  La-0  layers  [41,58].  Similarly, 
analyses  of  the  charge- transfer  in  the  HgBa2Cap|,_|^Cujj02n-}-2  compounds 
showed  that  electrons,  not  holes  are  transferred  to  the  cuprate-planes  as  the 
superconducting  critical  temperature  increases  with  pressure  p  or  chemi¬ 
cal  pressure  n  [42].  This  is  the  opposite  to  what  is  expected  on  the  basis  of  the 
remote- control  charge-transfer  hypothesis.  In  general,  with  the  exception  of 
YBa2Cu30x  as  a  function  of  oxygen  content  x,  the  onset  of  superconductiv¬ 
ity  and  increases  of  T^.  are  associated  with  the  transfer  of  electrons,  not  holes 
to  the  cuprate-planes  —  the  opposite  of  what  is  expected  for  a  cuprate-plane 
model  of  superconductivity.  Even  for  the  case  of  YBa2Cu30x  which  does 
exhibit  considerable  hole  transfer  to  the  cuprate-planes  as  x  increases  and  su¬ 
perconductivity  sets  in,  there  is  PrBa2Cu30x  as  a  counter-example,  generally 
thought  to  be  an  insulator,  with  the  same  charges- transferred  as  a  function 
of  X  —  demonstrating  that  the  charge-transfer  is  not  sufficient  for  supercon¬ 
ductivity.  In  T^2®^2^^-l^%^2n-|-4  dopant  oxygen  is  packed  into  the 
crystal-structure  so  tightly  that  it  fits  only  if  it  is  virtually  neutral;  0“^  does 
not  fit  at  the  dopant  site.  If  this  dopant  oxygen  is  virtually  neutral,  its  holes 
remain  near  it  and  do  not  transfer  to  the  cuprate-planes  —  and  hence  can¬ 
not  induce  cuprate-plane  superconductivity.  In  HgBa2Cajj_;;^Cujj02n-|-2  ^^be 
dopant-oxygen  is  packed  so  loosely  that  it  is  unbonded  to  the  adjacent  Hg  ions 
in  the  charge-reservoir  planes,  an  indication  that  the  oxygen  is  hypocharged. 
Thus  analyses  of  the  charge- transfer  extractable  from  bond-lengths  reveal 
that  the  holes  responsible  for  Cooper-pairing  and  superconductivity  have 
very  different  degrees  of  localization  in  different  materials,  are  most  com¬ 
monly  found  in  the  charge- reservoir  regions  containing  the  dopant-oxygen, 
and  do  not  necessarily  readily  transfer  to  the  cuprate-planes  as  originally 
hypothesized  [11,42]. 

Independent  confirmation  that  the  superconductivity  originates  primar¬ 
ily  where  the  holes  are,  namely  in  the  charge- reservoirs  rather  than  in  the 
cuprate-planes,  is  afforded  by  numerous  pair- breaking  studies  [59].  For  exam¬ 
ple,  magnetic  impurities  located  in  the  cuprate-planes  do  not  break  Cooper- 
pairs  and  degrade  the  superconducting  transition  temperature  T^  whenever 
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they  are  separated  by  one  or  more  atoms  from  the  charge-reservoir  regions 
(where  the  holes  and  dopant-oxygen  reside  [51,52,58]).  In  particular,  (non¬ 
magnetic)  Zn  and  (magnetic)  Ni  doping  of  cuprate-plane- Cu  sites  both  pro¬ 
duce  the  same  weak  scattering  of  pairs  whenever  the  dopant-oxygen  regions 
are  remote  from  the  cuprate-planes  —  indicating  that  the  superconduct¬ 
ing  region  lies  outside  the  cuprate- planes,  beyond  the  range  of  the  mag¬ 
netic  scattering.  And  the  amount  of  cuprate-plane  Zn  or  Ni  required  to 
destroy  superconductivity  increases  exponentially  with  the  distance  of  the 
cuprate-planes  from  the  charge-reservoirs  —  a  clear  signature  that  the  seat 
of  superconductivity  is  in  the  charge-reservoirs,  not  in  the  cuprate-planes. 
Indeed,  T^.  itself  increases  with  the  separation  between  the  cuprate-planes 
and  the  charge-reservoirs  —  indicative  that  the  cuprate- planes  are  electron¬ 
ically  deleterious  to  superconductivity  (even  though  they  enhance  when 
they  mechanically  compress  the  charge-reservoirs  [30]).  Indeed,  the  very  fact 
that  almost  all  (Rare-earth)Ba2Cu307  materials  superconduct  is  evidence  of 
this  sort:  Rare-earth- site  magnetic  ions  do  not  adversely  affect  the  supercon¬ 
ductivity  —  because  the  origin  of  superconductivity  is  in  the  vicinity  of  the 
Cu-0  chains,  in  the  remote  charge- reservoir  regions  [60,61].  (Ba-site  rare- 
earth  ions  do  break  pairs  and  destroy  superconductivity  [17,31,32,62].)  In 
Bi2Sr2CaCu208,  Josephson  radiation  and  critical  current  studies  [63]  show 
that  either  the  cuprate-planes  or  the  Bi-0  layers  superconduct;  and  scanning 
tunneling  spectroscopy  measurements  [64]  and  photoemission  studies  (of  Au 
on  the  surface  [65])  both  independently  show  that  the  surface  Bi-0  layers 
superconduct  —  proving  in  conjunction  with  the  Josephson  studies  that  the 
cuprate-planes  are  not  the  origin  of  superconductivity  in  that  material  [66], 
provided,  of  course,  that  the  various  samples  studied  are  chemically  the  same. 

Infrared  spectra  obtained  by  Basov  ei  al  [67]  from  unusually  defect- 
free  materials  demonstrate  that  more  than  half  of  the  superconducting  con¬ 
densate  in  YBa2Cu307  lies  in  the  Cu-0  chains,  not  in  the  cuprate-planes; 
this  fraction  is  even  greater  than  75%  for  YBa2Cu408-  Such  large  conden¬ 
sate  fractions  are  incompatible  with  a  hole- transfer,  cuprate-plane  picture: 
How  can  the  holes  first  be  transferred  to  the  cuprate-planes  and  then  in¬ 
duce  proximity-effect  superconductivity  back  on  the  chains  from  which  they 
came,  such  that  the  majority  of  the  superconducting  condensate  is  in  the 
chains?  This  would  appear  to  require  a  double-remote-control  mechanism  of 
superconductivity. 

It  seems  to  us  that  the  evidence  is  overwhelmingly  against  cuprate- 
plane  models  of  high-temperature  superconductivity  and  in  favor  of  charge- 
reservoir  superconductivity  associated  with  dopant  oxygen.  The  most  popu¬ 
lar  cuprate-plane  models  feature  either  Cu+3,  which  is  known  to  be  absent, 
or  spin-fluctuations  that  predict  the  pair-breaking  by  Ni  to  be  weaker  than 
that  by  Zn  —  contrary  to  virtually  all  of  the  data  which  show  the  pair- 
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breaking  by  Zn  and  Ni  to  be  the  same  (impossible  if  the  impurities  are 
immersed  in  the  superconductor  and  the  paired  holes  are  time-reversed). 

We  acknowledge  that  it  may  take  some  time  for  these  facts  to  be  ac¬ 
cepted,  but  there  are  so  many  of  them  that  we  cannot  understand  why 
cuprate-plane  models  are  still  held  in  general  favor.  In  our  opinion,  efforts  to 
understand  high-temperature  superconductivity  should  focus  on  the  charge- 
reservoirs  and  attempt  to  understand  precisely  the  role  of  dopant  oxygen. 
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Abstract 

Oxygen  in  both  the  0“^  ionic  state  and  the  hypocharged  state  (with 
Z<2)  has  been  identified  eis  the  essential  ingredient  of  superconductivity  in 
YBa2Cu30x  and  other  high-temperature  superconductors.  The  role  of  the 
YBa2Cu30g  5  is  to  act  as  a  box  or  cage  for  the  additional  hypocharged  or 
“neutral”  oxygen  necessary  for  superconductivity.  Consequently  one  should 
be  able  to  fabricate  a  similar  box  from  semiconductors  grown  epitaxially,  and 
fill  it  with  oxygen  —  leading  to  integrated  semiconductor /superconductor  mi¬ 
crostructures  exhibiting  high- temperature  superconductivity  and/or  photo- 
induced  superconductivity. 


I.  Introduction 

The  discovery  of  high-temperature  oxide  superconductivity  [1]  originally 
led  to  visions  of  room- temperature  superconductivity  and  electrical  power 
transmission  over  long  distances  with  negligible  losses.  While  the  highest 
temperature  at  which  superconductivity  has  been  reported  has  been  rising 
toward  room  temperature  [2],  the  vision  of  the  future  appears  to  have  re¬ 
focussed  more  on  superconducting  devices  than  on  power  transmission.  Un¬ 
til  recently,  there  has  been  no  comprehensive  physical  picture  of  the  mech¬ 
anism  for  high-temperature  superconductivity,  and  so  it  has  not  been  pos¬ 
sible  to  predict  which  types  of  devices  will  be  realizable.  Now,  however, 
there  is  a  theory  [3]  which  attributes  the  superconductivity  to  hypocharged 
or  “neutral”  oxygen  interchanging  charge  with  0”^  ions,  providing  p-type 
superconducting  metallic  oxygen  —  a  very  specific  picture  of  the  super¬ 
conductivity.  (Hypocharged  oxygen  is  0“^,  with  Z<2).  This  picture  not 
only  discards  many  of  the  currently  accepted  features  of  high-temperature 
superconductivity,  it  also  provides  a  simple  view  of  the  phenomenon,  and 
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implies  that  room- temperature  superconductors  encased  in  semiconductor 
microstructures  should  be  achievable:  the  materials  previously  thought  to 
be  essential  to  high-temperature  superconductivity  are  now  identified  as 
mere  cages  for  oxygen.  Thus  the  superconductivity  is  a  property  of  a  quasi- 
intercalate,  the  confined  metallic  oxygen  that  results  from  charge  exchange 
between  hypochaxged  oxygen  and  ionic  0“^.  The  “material”  merely  serves 
as  a  box  or  cage  for  the  metallic  oxygen  superconductor,  and  so,  one  should 
be  able  to  fabricate  a  cage  out  of  novel  materials  (such  as  epitaxial  semicon¬ 
ductors)  without  sacrificing  the  superconductivity  of  the  oxygen. 

The  purpose  of  this  paper  is  to  elaborate  on  this  idea  of  fabricating  epi¬ 
taxial  layered  structures  from  semiconductors  for  use  as  oxygen  cages,  hope¬ 
fully  leading  to  epitaxial  high-temperature  superconductivity.  Furthermore, 
since  high-temperature  oxide  superconductivity  is  sometimes  accompanied 
by  photo-induced  superconductivity  [4,5],  it  should  be  possible  to  make  en¬ 
tire  new  classes  of  novel  devices  whose  superconductivity  can  be  turned  on 
by  light.  Hence,  with  this  paper  we  hope  to  stimulate  experimental  efforts 
to  fabricate  such  integrated  high-temperature  superconducting  devices. 


II.  Theory  of  high-temperature  superconductivity 

The  essential  elements  of  the  theory  of  high-temperature  superconduc¬ 
tivity  [3]  are  best  discussed  in  terms  of  the  thoroughly-studied,  idealized, 
prototypical  material  YBa2Cu307,  whose  crystal  structure  is  given  in  Fig. 
1.  The  top  plane  of  the  unit  cell  consists  of  chains  of  Cu  and  O.  Following  the 
rules  of  basic  chemistry,  we  assume  Cu  to  be  in  the  -\-2  valence  state,  while 
0  is  hence  the  layer  is  neutral.  This  layer  is  called  the  “chain  layer 
^and  also  the  “charge-reservoir  layer.”  The  next  layer  down  is  the  Ba-0  layer, 
and  is  also  neutral,  with  Ba+2  and  Q-^.  The  layer  beneath  the  Ba-0  layer 
is  a  Cu02  “crinkled  cuprate  plane”  and  has  a  net  charge  of  -2  |e|  (where  [ej 
is  the  proton’s  charge):  [Cu02]~^-  At  the  center  of  the  unit  cell  is  and 

the  planes  beneath  the  Y  are  mirror  images  of  those  above.  The  sandwich 
of  Y+3  and  the  two  crinkled  cuprate  planes  has  a  net  charge  of  -1  |e|. 

The  material  YBa2Cu307  has  a  unit  cell  that  is  not  charge-neutral 
when  described  in  terms  of  the  normal  valences  of  its  constituents,  having 
a  net  charge  of  -1  |e|.  Of  course,  this  is  unacceptable,  and  such  a  material 
cannot  be  stable.  There  are  at  most  13  electrons  per  unit  cell  that  can  be 
ionized  from  the  neutral  atoms  leaving  the  cations  Y+  ,  Ba  ,  and  Cu  , 
and,  with  7  0"^  ions,  14  electrons  are  trapped  on  oxygen  ions  —  one  more 
than  ionized!  Clearly  the  number  of  electrons  trapped  by  oxygen  must  equal 
the  number  liberated  from  cations.  Therefore  one  or  more  elements  in  the 
unit  cell  must  have  an  abnormal  valence.  Two  abnormal  valence  schemes  for 
restoring  charge-neutrality  are:  (i)  the  valence-fluctuation  scheme  [1,6]:  the 
valence  of  Cu  in  the  chain  layer  must  be  Cu'^^,  not  Cu+  ;  or,  alternatively. 
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Structure  of  YBa2Cu3  07 


■  Charge 
Reservoir  Plane 

■Cu(1) 

0(1) 

Bridging  0(4) 
0(2) 

Cu(2) 

0(3) 


•  Crinkled  Plane 

Chain  in 

Charge 

Reservior 


Fig.  1.  Crystal  structure  of  ideal  YBa2Cu307.  The  notation  for  the  various 
atoms  is  not  unique. 
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(ii)  the  “neutral”  or  hypocharged  oxygen  model  [3,7]:  all  Cu  ions  should  be 
Cu+2^  but  the  number  of  oxygen  ions  in  YBa2Cu307  should  be  6.5,  not 
7.  (This  number  6.5  will  reappear  later  with  the  Tokura-Torrance  Rule.)  The 
resolution  of  this  abnormal  valence  problem  lies  at  the  heart  of  mechanisms 
of  high-temperature  superconductivity. 

Traditionally,  the  abnormal  valence  problem  has  been  resolved  by  postu¬ 
lating  the  existence  of  Cu+3  rather  than  Cu+2  in  the  chain  layers.  However, 
it  is  now  abundantly  clear  from  many  experiments  that  Cu+  does  not  occur 
in  solid  YBa2Cu30x:  There  may  be  some  Cu+1  and  there  certainly  is  Cu+  , 
but  no  Cu+3.  The  evidence  for  the  absence  of  Cu+3  is  extremely  strong  [8]. 

A  recent  solution  to  the  abnormal  valence  problem  is  that  sonae  oxy¬ 
gen  occurs  as  hypocharged  or  “neutral”  oxygen  rather  than  as  ionic  O  ^ 
[3].  In  the  most  simplified  version  of  this  model,  all  Cu  is  in  the  Cu 
state  and  6.5  oxygen  are  0“2,  while  the  remaining  (x-6.5)  oxygen  atoms  in 
YBa2Cu30x  are  neutral  on  the  average.  (These  charge  assignments  should 
not  be  taken  too  literally,  because  the  charges  are  allowed  to  redistribute 
themselves  after  the  assignments.  For  example,  the  chain  Cu  and  O  can 
relax  from  Cu+2  and  0-2  to  Cu+1  and  0“!,  leaving  chain-Cu  without  a 
magnetic  moment.)  In  the  simplest  version  of  the  oxygen  inodel,  there  is 
one  OO  per  two  unit  cells  for  x=7,  or  6.5  0-2  and  (x-6.5)  O^  per  unit  cell 
in  general.  Each  “neutral”  oxygen  atom,  which  can  be  thought  of  as  O 
plus  two  holes,  then  exchanges  charge  with  the  O-  ions,  leading  to  metallic 
oxygen  confined  within  a  YBa2Cu306.5  cage.  The  holes  can  pair  according 
to  the  pairing  reaction  2  h+  -|-  0-2  — >  O®,  and  this  pairing  interaction  leads 
to  superconductivity. 

Evidence  supporting  this  model  includes  [3]:  (i)  The  superconductivity 
in  YBa2Cu30x  is  observed  only  for  6.4<x<7,  in  agreement  with  the  no¬ 
tion  that  for  x<6.5  there  is  no  “neutral”  oxygen  in  the  chain  layers,  and 
for  x=7  the  chains  are  fully  occupied.  (For  6.4<x<6.5  there  is  doubtless 
some  “neutral”  oxygen  because  some  Cu  is  in  the  Cu+  valence  state.)  (ii) 
The  critical  temperature  Tc(x)  shows  steps  (Fig.  2  [9,10])  attributed  to  the 
onset  of  superconductivity  (T^^OO  K)  at  x«6.5  and  the  onset  of  improved 
(90  K)  superconductivity  at  xw6.75  —  with  the  improved  superconductivity 
being  associated  with  a  material  whose  typical  unit  cell  does  not  contain  a 
vacancy  scattering  center  [3].  (iii)  The  Tokura-Torrance  Rule  [11]  for  the 
phase  boundary  between  the  superconducting  and  insulating  phases,  relat¬ 
ing  the  critical  oxygen  concentration  x^,  to  the  critical  La  concentration  y^. 
in  YBa2-yLayCu30x,  is  predicted  by  the  theory  [3]:  Xc=6.5-fyc-  Recall 
that  6.5  is  the  concentration  for  the  onset  of  “neutral”  oxygen  formation  in 
YBa2Cu30x,  and  that  the  dependence  of  x^.  on  y^  indicates  that  every  pair  of 
La  atoms  must  be  passivated  by  one  oxygen  before  “neutral”  oxygen  becomes 
available  for  superconductivity,  (iv)  The  model  provides  a  natural  explana- 
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Fig.  2.  Superconducting  critical  temperature  (in  K)  versus  oxygen  content  x 
of  YBa2Cu30x,  including  the  data  of  Cava  et  al  (triangles;  Ref.  [9])  and  of 
Benischke  et  al.  (squares;  Ref.  [10]).  The  arrows  indicate  the  occupancies  of 
chain-layer  oxygen  sites  in  a  unit  cell  of  typical  material:  (one-half  vacancy, 
denoted  Va)  for  x=6.5,  (one-fourth  vacancy  and  one-fourth  neutral  oxygen) 
for  x=6.75,  and  (one-half  neutral  oxygen)  for  x=7. 
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tion  of  photo-induced  superconductivity:  O  ^  is  photo-ionized  by  light,  with 
the  photo-electrons  being  trapped  (probably  by  oxygen  vacancies),  thereby 
locally  increasing  the  concentration  of  “neutral”  oxygen  to  above  the  crit¬ 
ical  concentration,  (v)  Doping  studies  can  be  summarized  as  follows:  (a) 
undercharging  the  unit  cell’s  cations  {e.g.,  Y+3  -♦  Ca+  or  Na+  )  does 
not  adversely  affect  the  superconductivity  (to  lowest  order  in  the  dopant 
concentration)  because  variations  in  oxygen  concentration  compensate  the 
cation  charge  changes;  and  (b)  A  magnetic  moment  located  near  or  in  the 
cuprate-plane  layers  {e.g.,  Cu  Ni)  does  not  breaks  pairs  and  destroy  su¬ 
perconductivity  in  the  remote  charge-reservoir  layers,  nor  does  substitution 
at  the  Y  site  with  a  magnetic  impurity  {e.g.,  Y  -♦  Dy,  with  J=15/2)  disrupt 
the  superconductivity  assumed  to  originate  in  the  remote  charge-reservoirs, 
not  in  the  cuprate-planes  [12]. 

III.  Confined  metallic  oxygen 

This  theory  of  high-temperature  superconductivity,  if  correct,  makes  it 
very  clear  that  the  oxygen  is  the  superconducting  material,  not  the  cage 
YBa2Cu30g  5.  This  picture  also  applies  to  a  wide  class  of  oxide  supercon¬ 
ductors  (different  cages),  and  so  can  be  used  as  a  basis  for  imagining  new 
superconductors.  The  essential  ingredients  are  a  cage  or  box  with  O"  10ns 
protruding  (Fig.  3),  and  “neutral”  oxygen  in  the  box,  leading  to  confined 
metallic  oxygen  when  the  “neutral”  oxygen  and  0-2  exchange  charge.  The 
other  chalcogenides,  such  as  S-2  with  “neutral”  S,  should  also  exhibit  super¬ 
conductivity  when  appropriately  confined.  One  can  imagine  a  confinement 
structure  fabricated  by  modern  epitaxial  methods  out  of  semiconductors, 
and  integrated  into  some  electronic  microstructure.  The  box  would  proba¬ 
bly  have  to  be  made  of  a  II- VI  chalcogenide,  such  as  MgO  or  CdS.  This  would 
leave  0-2  (or  $-2)  ions  at  the  surface  of  the  box,  ready  to  exchange  charge 
with  the  “neutral”  chalcogen  atoms.  Then  “neutral”  chalcogen  atoms  should 
be  deposited  in  the  box,  perhaps  using  the  techniques  of  oxygen  deposition 
employed  for  YBa2Cu30x  and  other  high-temperature  superconductors.  Fi¬ 
nally  the  “neutral”  chalcogen  would  be  encapsulated  by  another  oxide  or 
chalcogenide  structure. 

At  the  moment,  this  idea  is  quite  speculative,  and  awaits  demonstration 
that  such  epitaxial  superconductors  can  be  fabricated.  But,  if  they  can,  if 
they  exhibit  photo-induced  superconductivity,  and  if  the  confinement  of  the 
epitaxial  layers  can  be  engineered  to  produce  high  superconducting  transi¬ 
tion  temperatures,  one  can  envision  entire  new  classes  of  devices  based  on 
them:  these  devices  could  perhaps  be  integrated  into  conventional  electron¬ 
ics,  and  would  involve  room-temperature  superconducting  elements  whose 
superconductivity  could  be  turned  on  by  light. 
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Box 

^ ^ if  ^  ^ is^ 

O0  p.0  Oxygen 

^  Metal 


Box 

Fig.  3.  Schematic  illustration  of  the  nature  of  a  confinement  box  for  oxide 
superconductivity.  The  0~^  ions  should  be  part  of  the  cage  or  box,  and  the 
atoms  should  be  situated  so  that  they  can  exchange  charge  with  the  O"^. 

Interestingly  enough,  confined  high-temperature  superconductivity  may 
have  been  observed  years  ago  in  CdS  [13]:  Brown,  Homan,  and  MacCrone 
reported  a  Meissner  effect  at  77  K  on  pressure- quenched  CdS.  The  Meissner 
effect  was  found  only  in  samples  from  one  vendor,  and  so  their  results  have 
failed  to  receive  general  acceptance.  Nevertheless  they  applied  pressures 
in  excess  of  40  kbar,  and  then  released  the  pressure  at  rates  greater  than 
1  Mbar/sec,  to  find  dislocations  in  a  material  with  a  mixture  of  zincblende, 
rocksalt,  and  wurtzite  structures.  The  material  became  black  after  the  pres¬ 
sure  quenching,  similar  to  lasers  that  experience  degradation  by  dark-line 
defects  [14].  We  speculate  that  these  results  might  perhaps  be  interpreted  as 
follows;  The  pressure  quenching  leads  to  small  dislocations  or  “nano-cracks” 
in  the  material,  which  form  with  the  assistance  of  some  impurity,  possibly 
C£.  The  surfaces  of  these  nano-cracks  are  terminated  by  ions,  and  “neu¬ 
tral”  S  is  contained  in  the  cracks.  The  “neutral”  S  charge- exchange  with 
then  leads  to  superconductivity. 

Of  course  this  interpretation  is  highly  speculative,  and  should  not  be 
taken  seriously  until  more  data  on  pres  sure- quenched  CdS  have  been  reported 
—  but  it  certainly  suggests  that  the  old  experiments  should  be  re-examined, 
repeated,  and  extended  —  and  that  more  studies  of  superconductivity  in 
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semiconducting  materials  are  called  for. 
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HIGFET,304 

hopping  transport, 156 
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interlevel  coupling, 84 

intersubband  relaxation, 155 

Landau  fan  chart,  129 
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magnetoresistance,3 
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non-linear  optical  properties,93,117,166 
one-dimensional  hole-gas, 205 
organic  molecule, 56,70 
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piezoelectric  charges,89 

porous  silicon, 171, 186 

pulse  energy  density,248 

quantum  box  superlattice,156 

quantum  confined  excitons,236 

quantum  confinement, 14, 129, 178 

quantum  disk  layer ,37 

quantum  dot, 3,80,89, 166,286 

quantum  well, 3 1,93 
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Raman  line,89 

Raman  phonon  frequencies, 14 
Raman  scattering,  141, 186 
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red-shift,  186 

resonant  pinning  states, 321 
selective  epitaxial  overgrowth, 224 
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self-heating  effects, 294 
self-organized, 3, 37 
Shubnikov-de  Hass  oscillations,84 
Si/pure  Ge/Si  heterostrcuture,31 
Stranski-Krastanov  growth  mode, 89 
surface  phonon  polaritons,lS6 
surface  recombination  velocity,224 
strain, 129, 141 
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thermoelectric  power ,205 
transmission  electron  microscope,31 
tunneling  current ,304 
vertically  coupled  dots,89 
Wannier-Stark  localized  electrons,  156 
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